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LANDSLIDES ALONG THE COLUMBIA RIVER VALLEY, NORTHEASTERN WASHINGTON

By Frep O. Jones, Danier R. EmBony, and WarrEN L. PETERSON

ABSTRACT

Landslides ocecur so frequently in the surficial deposits along
the upper valley of the Columbia River that they affect greatly
engineering developments and land use. Most of the recent
landslides took place in the Pleistocene deposits bordering
Franklin D. Roosevelt Lake, the Grand Coulee Dam reservoir,
which was slowly and intermittently filled during the construction
of Grand Coulee Dam (1933 to 1942). Many landslides occurred
while the lake was filling; many have occurred since. Down-
stream from Grand Coulee Dam landsliding has occurred in
several places since the beginning of construction. Geologic
investigations were made intermittently from 1942 to 1948 and
continuously from 1948 to 1955 in an effort to establish criteria
for predicting the probable amount of land that will be affected
by sliding. The area of study extends along the upper 200 miles
of the Columbia River valley in Washington, reaching upstream
from Grand Coulee Dam along Franklin D. Roosevelt Lake to
Canada and downstream from Grand Coulee Dam along the
Columbia River nearly to Chief Joseph Dam. Many fresh land-
slides in a nearly uniform physical setting presented an unusual
opportunity for a study of geologic processes and for a statisti-
cal analysis of landslide data.

More than 300 landslides in the Pleistocene terrace deposits
were examined. Slides were classified into type groups, so that
each type might be analyzed and compared with the others. The
geologic environment was subdivided into the -classification
factors—material, ground-water conditions, terrace height, drain-
age, original slope, submergence, culture, and material removal.
These factors were again subdivided into quantitative or qual-
itative categories that could be determined by field examinations.

The key measurement of a landslide was taken to be the ratio
HC:VC, where HC and VC are, respectively, the horizontal and
vertical distances from the foot to the crown of the landslide
taken at midsection normal to the slope. The HC:VC ratio
was correlated with the classification units of the geologic en-
vironment. The most extensive statistical analysis was done on
data from slump-earthflow landslides. Of the eight classifi-
cation factors analyzed, only material, ground water, original
slope, and submergence proved to be significantly related to the
HC:VC ratio. A formula was developed for predicting the
HC: VC ratio of slump-earthflow landslides.

The stability of natural slopes was investigated by comparing
data from slopes on which slides have not occurred with data
from slopes on which slides have occurred. The analysis in-
cluded a consideration of material, ground water, terrace height,
original slope, and submergence. A formula was developed for
predicting the stability of natural slopes.

The glacial geology of selected areas was mapped. The land-
slides in these areas are described.

To illustrate the practical application of the slope stability
and landslide data, detailed landslide-classification studies were

made of the lakeshore land in the Ninemile area along Franklin D.
Roosevelt Lake and in the Alameda Flat area along Lake Rufus
Woods (the Chief Joseph Dam reservoir).

The techniques of geologic classification and statistical analysis
described in this report will assist geologists and engineers in
judging the stability of natural slopes and in estimating the
extent of impending landslide action.

INTRODUCTION
By Frep O. JonNEs

Landslides occur so frequently in the surficial deposits
along the upper valley of the Columbia River that they
become an important factor in engineering develop-
ments and land use. Geologic investigations of the
landslides were made intermittently from 1942 to 1948
and continuously from 1948 to 1955. This report sum-
marizes the results of these investigations. The area
included in these studies extends along the upper 200
miles of the Columbia River valley in Washington,
reaching upstream from Grand Coulee Dam along
Franklin D. Roosevelt Lake to the international bound-
ary, and downstream from Grand Coulee Dam along the
Columbia River nearly to Chief Joseph Dam (fig. 1).

Such a large number of fresh landslides in a nearly
uniform geologic setting presented an ideal opportunity
for study of landslide processes and for a statistical an-
alysis of landslide data. The application of statistical
methods is a new approach to the analysis of landslides
and the stability of natural slopes.

Most of the recent landslides have been related to the
construction of Grand Coulee Dam, especially to the
consequent filling of Franklin D. Roosevelt Lake (the
Grand Coulee Dam reservoir). Construction of the
dam was begun in 1933. The level of the backwater
was slowly and intermittently raised as construction
proceeded until the dam was completed and full reser-
voir level was first attained in 1942 thus creating a lake
144 miles long and raising the water level 350 feet at the
dam.

Landslides occurred with unusually great and unex-
pected frequency in the bordering Pleistocene deposits
as Franklin D. Roosevelt Lake filled. Because of the
damage to property adjacent to the reservoir and the

1
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threat to.human lives, a study of the landslides was
begun by the senior author in 1942 for the Bureau of
Reclamation. The geologic conditions and topographic
relations were examined, and the 600 to 700 miles of
lakeshore lands were classified generally into five groups:
landslides likely, landslides unlikely, slide areas, bed-
rock, and indeterminate. The indeterminate classifica-
tion was necessary as data were often insufficient to
make a valid determination of the landslide potential.
Particular attention was directed to areas where land-
slides might destroy private property or endanger lives.
Where privately owned land was found to be potentially
dangerous, the U.S. Government offered to purchase the
property.

In 1948 the Geological Survey began research studies
on Franklin D. Roosevelt Lake in technical cooperation
with the Bureau of Reclamation and the National Park

Service, the two Federal agencies most concerned with
administrative problems of property adjacent to the
lake.

In 1950, in cooperation with the Corps of Engineers,
investigations were extended to include a section of the
Columbia River valley between Grand Coulee and Chief
Joseph Dams. A geologic setting similar to that of
Franklin D. Roosevelt Lake exists in the upstream part
of the Chief Joseph reservoir (Lake Rufus Woods).
Landslides had been frequent along the river in this
stretch, and because it was possible to study the valley
before flooding by Lake Rufus Woods, investigations
were extended to include that part of the reservoir
which had similar geologic conditions. The investiga-
tions were discontinued in 1955.

The practical purpose of these investigations was to
establish criteria for predicting the probable amount of
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land which will be affected by landslides so that maxi-
mum use may be made of lands along the lake. More
than 300 landslides have been studied in relation to
their geologic environment. Classifications were de-
vised to subdivide the environmental factors so that
their separate and combined effects on groups of similar
landslides could be analyzed and evaluated.

Statistical methods employed consisted of the analysis
of variance and covariance, chi-square tests, multiple
regression, and discriminant-function analysis. Each
important analysis is presented in brief summary and
computational detail is omitted. The section headed
““Statistical techniques,” page 69 discusses methods
used and the purposes which they were intended to
accomplish.

The only topographic maps available for studies
made along Franklin D. Roosevelt Lake in the years
1942 to 1946 were the river survey sheets, “Plan of
Columbia River, International Boundary to Rock Is-
land Rapids (below Wenatchee) Washington, Depart-
ment of the Interior, U.S. Geological Survey,” which
were surveyed in 1930. These maps were used though
they were limited in extent and accuracy and were inade-
quate for the work. To provide a basis for detailed geo-
logic and engineering studies, as well as for other uses,
the Geological Survey began the topographic mapping of
all the 15-minute quadrangles along the Columbia River
valley from the Omak Lake valley to latitude 48°30’
N. These new topographic maps became available
during the last few years of investigation. The Coast
and Geodetic Survey made a hydrographic survey of
Franklin D. Roosevelt Lake in 1947 and 1948. This
hydrography and the new topography of most of the
project area, along with repeated aerial photography,
have provided an invaluable basis for the geologic and
engineering studies of the landslide features.

REGIONAL PHYSIOGRAPHIC AND GEOLOGIC
SETTING

Northeastern Washington is comprised of two strik-
ingly different physiographic subdivisions—the moun-
tainous highlands to the north and the nearly flat
Columbia Plateau to the south. The boundary be-
tween these subdivisions, with minor exceptions which
are outlined later, follows the general east-west trend
of the Spokane and Columbia Rivers (fig. 1). The
plateau on the south is a part of the vast lava plains
which spread over a large part of the Pacific Northwest.
The highlands, which lie north of the boundary, are
made up of north-south trending valleys between low
subparallel mountain ranges. The principal north-
south valley is occupied by the Columbia and Kettle
Rivers and is a southern extension of the Selkirk Trench.

Of the several minor extensions of the plateau lavas
north of the Spokane-Columbia River valley, only two
are particularly significant. One of these is the tri-
angular-shaped Okanogan Plateau bounded on the
south by the Columbia River, on the northeast by the
Omak Lake valley and on the northwest by the Oka-
nogan River valley. Omak Lake valley is an informal
name used here for the large valley that contains Omak
Lake and extends from the Okanogan River valley to
the Columbia River valley. The second significant
minor extension is the Spokane Plateau, an irregular
group of tongues of the Columbia Plateau which extend
north of the Spokane River (Weaver, 1920).

The Columbia River enters the United States at
about longitude 117°38’ (fig, 1). It flows southwest-
ward for 40 miles in a moderately broad valley which is
between the Rossland Mountains on the northwest and
the Chewelah Mountains on the southeast. At the
southern tip of the Rossland Mountains the Columbia
River is joined by the Kettle River from the north and
the Colville River from the southeast. Downstream
from these junctures, the Columbia flows southward
for 60 miles in a broad valley which lies between .the
Kettle River Mountains on the west and the Huckle-
berry Mountains on the east. The rocks exposed in
the valley walls along this upper 100 miles are princi-
pally limestone, marble, quartzite, schist, gneiss, and
granite of Paleozoic and Mesozoic ages (Pardee, 1918;
Weaver, 1920).

A few miles below its confluence with the Spokane
River, the Columbia turns sharply to the westward
and follows a sinuous north-northwest course along the
edge of the Columbia Plateau. The sharp change in
the course of the river resulted from the creation of the
lava plateau in Miocene time. From the mouth of the
Spokane River to the Omak Lake valley, bedrock for-
mations on the left bank ! of the valley are principally
lava flows of the plateau and bedrock formations on
the right bank are graniticrocks of the Colville batholith.

During the Pleistocene epoch the Cordilleran con-
tinental glacier formed one or more times in the inter-
montane plateau region of British Columbia (Dawson,
1891; Johnston, 1926). The number of ice invasions
into the United States area is not known but during
the -Wisconsin stage ice lobes pushed down southward-
trending valleys into eastern Washington, Idaho, and
western Montana. Three of these ice lobes entered
the area considered here: the Okanogan lobe which
occupied the Okanogan River valley, the Sanpoil lobe
which occupied the Sanpoil River valley and the
Columbia lobe which occupied the part of the Columbia
River valley north of the Columbia Plateau. The

1 Left and right bank refer to the left and right as one is facing downstream.



4 LANDSLIDES ALONG THE COLUMBIA RIVER VALLEY, NORTHEASTERN WASHINGTON

maximum extent of these lobes has been mapped by
Bretz (1923) and Flint (1937).

During the times of ice invasion and recession
glaciofluvial and glaciolacustrine sediments were depos-
ited in the Columbia River valley. Deposits in the
Columbia River valley upstream from the Nespelem
River were first described and named the Nespelem silt
by Pardee (1918). These deposits are preserved in
terrace remnants the highest of which occur on both
sides of the valley at altitudes ranging from 1,720 to
1,900 feet (the Nespelem silt terrace of Flint, 1935).
This terrace is found in the Columbia River valley
upstream from Omak Lake valley. Pardee concluded
that the Nespelem silt was a glaciolacustrine fill depos-
ited in a lake ponded in the Columbia River valley.

The first extensive work on the glacial deposits and
erosional features of the Grand Coulee area was done by
Bretz (1923, 1932), who concluded that the Nespelem
silt was deposited in a lake that was ponded in the
Columbia River valley by the Okanogan glacier lobe.
The lake drained through the Grand Coulee which had
been cut during one or more earlier glaciations.

Subsequent work by Flint (1935), and Flint and Irwin
(1939), on the Pleistocene sediments of the Columbia
River valley upstream from the mouth of Okanogan
River confirmed Bretz’s conclusions. Flint and Irwin
concluded that all or most of the Pleistocene sediments
of the Columbia River valley near Grand Coulee Dam
were apparently deposited during a single major ad-
vance and recession of the Okanogan glacier lobe, which
occurred subsequent to the advance or advances
associated with the cutting of the Grand Coulee.

Pardee’s definition of the Nespelem silt is based on
the interpretation that only one lake stage is involved
in the deposition of the Pleistocene sediments. Evi-
dence found this during investigation, shows that more
than one lake  stage occurred. The name “Nespelem
silt” now means little other than Pleistocene lake and
stream deposits of the upper Columbia River valley and
tributary valleys. The word “silt” in the term
“Nespelem silt”’ is misleading, because, as pointed out
by Flint (1936), much of the fill is not composed of silt-
sized particles. Probably from 25 to 50 percent of the
fill in the Columbia River valley between the Omak
Lake valley and Kettle Falls is sand and gravel. The
name ‘Nespelem silt” is not used subsequently in
this report.

CULTURAL DEVELOPMENTS

David Thompson, surveyor, geographer, and fur
trader, who explored the Columbia River valley of
British Columbia beginning in 1800, was the first white
man known to record his presence in the upper Colum-
bia River valley of Washington (Elliot, 1918, p. 14).

His journal records that on June 19, 1811, he reached
the Kettle Falls of the Columbia River. Thompson
and his men constructed a canoe at the site of the falls
and journeyed downstream to the river’s mouth (Fuller,
1931, p. 81).

Many legendary figures of the exploration and fur-
trading era followed. The most noteworthy events of
the exploration period were the arrival of Lewis and
Clark in the Northwest in 1805 (Fuller, 1931, p. 63),
and the Canadian Boundary expeditions of 1812 (Ful-
ler, 1931, p. 101). The fur-trading enterprise was
punctuated by the rivalry and feuds of the American
and Canadian fur companies.

Two of the earliest industries were lumbering and
gold mining. Small individual sawmills were operating
in the area by 1870 (Durham, 1912, p. 184), and gold
placering of gravel deposits began after the gold dis-
coveries of 1852 (Fuller, 1931, p. 304).

The U. S. Army established military Fort Colville in
1859 on the banks of the Columbia River near Kettle
Falls. Fort Spokans was established in 1880 on a ter-
race overlooking the confluence of the Spokane River
with the Columbia, and in 1882 Fort Colville was
abandoned (Western Hist. Pub. Co., 1904, p. 73-74).
Many settlers soon followed. They cultivated bench-
lands near the river and grazed stock on the uplands
along the valley sides. The lower part of the valley
had been extensively developed by 1933 when the con-
struction of Grand Coulee Dam was begun. Many of
the lower terraces along the Columbia had been irri-
gated and orchards had been planted on them; 4 saw-
mills were in operation in the valley between Lincoln,
Wash., and the international boundary; and the valley
was served by many miles of roads, 2 spur lines of the
Great Northern Railway, a bridge at Kettle Falls, and
6 ferries.

With the completion of Grand Coulee Dam in 1942 a
reservoir was created which averages about 4,650 feet
in width and contains about 9,600,000 acre-feet of water
(Hall, 1952). Approximately 70,500 acres of land was
flooded, and a lakeshore of more than 600 miles was
created. Within the reservoir area were 3,000 people,
2 railroads, 3 primary state highways, about 150 miles
of country roads, 14 bridges for rail and vehicular
traffic, 11 townsites, 4 sawmills, 4 telegraph and tele-
phone systems, and many powerlines and cemeteries.

Major developments were either purchased or relo-
cated by the U.S. Bureau of Reclamation. The relo-
cated Nelson Branch of the Great Northern Railway
(15.3 miles) now follows the left shore of the reservoir
from Kettle Falls northward to a point 4 miles south-
west of Northport. The relocated Republic Branch
(13.1 miles) runs north along the right bank of the
reservoir to the Kettle River confluence and then skirts
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the left bank of the Kettle River to Boyds (fig. 1).
Relocated State Highway 22 now follows the left bank
of the reservoir from Fort Spokane to Northport, and
U.S. Highway 395 follows the right bank of the river
from the Kettle Falls bridge to Boyds. A relocated
highway follows the right lakeshore generally from
Kettle Falls to the mouth of the Spokane River (fig. 1).

Franklin D. Roosevelt Lake, the reservoir created
by Grand Coulee Dam, first reached its maximum
level in June 1942. There was little human activity
along the lakeshore for several years because of the
dislocation of roads and industries required by the
submergence. However, after a few years, private
development and land use increased noticeably near
the newly created lakeshore. As many terraces were
within easy reach of the reservoir, pumps were installed
at many locations to supply sprinkler irrigation systems.
Logging operations were accelerated by formation of
the lake, and lumber mills were reestablished. The
Great Northern Railway constructed a loading dock
at Kettle Falls to serve the lumber industry. This
loading dock connected lake transportation to the
railroad systems. The use of the lake for recreational
and industrial developments had hardly begun by 1955.

Chief Joseph Dam at Bridgeport, Wash., was under
construction in 1955. Its backwater, Lake Rufus
Woods, will extend throughout the area below Grand
Coulee Dam included in these investigations. Chief
Joseph Dam is a relatively low dam, and the resulting
cultural changes should be less pronounced than those
caused by the construction of Grand Coulee Dam.
On a smaller scale, there will be a movement away
from the river and then a movement toward it, as
lands adjacent to the reservoir shore are used for
agricultural and engineering purposes.
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LANDSLIDES

By Frep O. JoNnEs and WARREN L. PETERSON

Landslides have been an important factor in the
removal of the Pleistocene deposits by the Columbia
River during the formation of its present terraced
valley. Many terrace slopes are scarred with the veg-
etation-covered forms of old landslides and some ter-
races are underlain by landslide debris. Landsliding of
surficial deposits apparently began with the first inci-
sion by the Columbia River and has continued to the
present. The frequency of landslides was increased by
the construction of Grand Coulee Dam, which ponded
the Columbia River in a 144-mile stretch of the upper
Columbia River valley and raised the water level at
the dam 350 feet. Many terrace slopes became unsta-
ble under saturation by the reservoir waters. Down-
stream from the dam, fluctuation in river level imposed
by the variable demands for power and housing devel-
opment in old landslide areas have apparently contrib-
uted to the reactivation of old landslide areas.

Most of the landslides described in this report have
occurred in the Pleistocene and Recent surficial de-
posits of the upper Columbia River valley. These
surficial deposits veneer the bedrock valley and have a
terraced surface. They consist of glaciolacustrine sand,
silt, and clay, glaciofluvial deposits, fluvial sand and
gravel, alluvial-fan deposits, and windblown sand.

TOPOGRAPHY ON THE SURFICIAL DEPOSITS

About 90 percent of the shoreline of Franklin D.
Roosevelt Lake is bordered by Pleistocene sediments.
On these deposits, there is a topography of terrace
remnants separated by stream-cut scarps. The flatness
of the terrace surfaces has been modified by deposition
of extensive alluvial fans from higher slopes so that a
terrace commonly rises gently away from the center
of the valley. The terraces and stream-cut scarps
have been extensively modified by gullying, landslid-
ing, and creep.

Some important factors that determine the morpho-
logy of the interterrace scarps and the gully slopes are:
(a) presence or absence of fluvial gravel on the terrace;
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(b) type of sediment composing the terrace; (c) degree
of saturation of sediment by ground water; (d) age;
and (e) erosive processes. Terraces underlain by dry
silt and clay tend to have steep scarps. Silt and clay
when dry are strong, and resist gravity movements
such as creep and landsliding. These scarps are modi-
fied primarily by gullying that, in places, has produced
spectacular badland topography. Wet silt and clay
are weaker, and subject to movement by creep and
landsliding. Creep makes a slope more gentle. Land-
sliding tends to make the lower part of a slope near the
foot of a landslide more gentle but the upper part
near the crown steeper. Commonly, however, slopes
on wet silt and clay are gentle.

Dry sand lacks cohesive strength and runs easily
downslope, so that stream-cut scarps underlain by sand
become more gentle until the angle of repose of the
sand is attained. Sand, being permeable, is commonly
dry and is not influenced by mass movements induced
by excessive ground water. However, where silt and
clay are interbedded with sand to form hydraulic
barriers, excessive ground water may accumulate in the
sediment and landsliding and related processes may
modify the terrace scarp.

Dry silt and clay tend to stand with the steepest
slopes and wet silt and clay with the gentlest slopes.
Slopes on sand are intermediate.

At the time of initial filling, shorelines along Franklin
D. Roosevelt Lake ranged from unembayed along
scarps with minor gullies to deeply embayed along
severely gullied terraces. Generally, the most intri-
cately embayed shorelines occurred where dry silt and
clay had been severely eroded.

TYPES OF LANDSLIDES

Landslides that occurred in the entire area of investi-
gation before and during this investigation were
principally of four types: slump-earthflow, slip-off slope,
multiple-alcove and mudflow. These types are distin-
guished by the form of the scars and by the kinds of
movement in the sliding. The nomenclature of the
parts of a landslide used here is shown on figure 2.

In the data collected for the statistical analyses under
the heading ‘“Landslide-type groups” (p. 35), the land-
slides have been divided into 10 type groups. However,
for the purposes of the discussion presented here the
fourfold subdivision will suffice.

SLUMP-EARTHFLOW LANDSLIDES

Slump-earthflow landslides combine the processes of
sliding and flow. The upper part slides downward in
one or more blocks that commonly rotate slightly about
axes that are horizontal and parallel to the slope in
which the landslide forms; the lower part flows as a

FI6URE 2.-~Nomenclature of the parts of a landslide (adapted from Varnes, 1958).

viscous liquid. The movement of the upper part is
similar to slump, as described by Sharpe (1938, p. 65).
The movement of the lower part corresponds to earth-
flow or lateral-spreading described by Terzaghi (1950)
and Varnes (1958). Slides of this type are illustrated
on figures 11, 13, and 14. The surface of rupture is
commonly concave toward the slip block in horizontal
cross section. 'The shape in vertical cross section varies
with the character of the materials. In fine grained,
almost horizontally bedded materials, the surface of
rupture cuts steeply from the surface to a bedding plane
and then follows the bedding plane—similar to the com-
posite surface of sliding described by Terzaghi and Peck
(1948, p. 191). In vertical cross section the steep upper
part of the surface of rupture in some slides shows curva-
ture; in others it is straight. Figure 3 shows the
composite surface of rupture of an ancient slide exhumed
by a more recent oné. The surface of rupture in coarse-
grained, disturbed, and heterogeneous material in verti-
cal cross section commonly takes the form of of a circle,
an arc of an ellipse, or a logarithmic spiral.

Slump-earthflow landslides have been more frequent
and have affected more land in the area of investigation
than any other type of landslide.

These slump earthflows are similar to the deep de-
formational slides described by MacDonald (1947)
which plagued the construction of the Panama Canal.

MULTIPLE-ALCOVE LANDSLIDES

Multiple-alcove slides form large, basinlike features
by the repeated processes of sliding, flow, and fall.
This repeated action commonly results in an inter-
locking group of landslide alcoves. The movement
processes are chiefy those of slump-earthflow slides,
but they also include mudflows and headward caving
of the main scarp. When the vegetation-covered scars
of ancient multiple-alcove slides were first examined, it
was believed that their development took place over a
period of many years. However, in the spring of 1952,
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lying at about 1,800 feet; the Orchard terrace at about
1,600 feet; and the Farm terrace, at an altitude of
about 1,370 feet.

CULTURE

Because of its broad, smooth terraces, good soil, high
ground-water conditions, a readily available supply of
irrigation water, and strategic location, the Reed ter-
race area has a history of culture and engineering
developments which dates back to the turn of the
century. Water for irrigation was first diverted from
Sherman Creek in 1905, but it was used farther south
and not on the Reed terrace. The Orchard terrace
was logged and cleared between 1908 and 1911, and the
first irrigation water was put on this terrace in 1911.
The Main terrace was logged and cleared for agricul-
tural purposes in 1927 and 1928, and its first irrigation
water was put on the terrace in 1929. A logging rail-
road, built in 1927 and used until 1931, followed close
to the edge of the Main terrace and crossed the Farm
terrace to a lumber mill located at the mouth of
Sherman Creek.

The terraces have been irrigated from April to
October each year since irrigation was begun. The
volume of water averages between 2 and 2.5 cfs (cubic
feet per second). The irrigation system was recon-
structed in 1952 by the State Game Commission which
now owns and irrigates a large part of the Main terrace.

Extremely high ground-water conditions along the
north and east end of the Main terrace and in the
southern part of the Farm terrace made the Harrison
E. Reed ranch a particularly desirable location. It
was possible to raise four crops of alfalfa a year
without irrigation.

A network of roads which served the area has been
cut in three places by landslides, and the main county
highway was severed by the multiple-alcove landslide
of 1952.

GEOLOGY

The bedrock of the Reed terrace area is chiefly
quartzite, gneiss, and schist which strike slightly east
of north and dip eastward. The bedrock is cut by 2
major joint sets, one trending N. 60°- 70° W. and the
other N. 5°- 15° W. These joint sets have influenced
the growth of a drainage pattern tributary to the Co-
lumbia River.

The present valley of Sherman Creek upstream from
the Orchard terrace follows a course nearly coincident
with the trend of the joint set, N. 60°- 70° W., and thus
is believed to have resulted from normal headward
growth along a zone of less resistant rock. Contours
on the bedrock surface (pl. 1) show that at the Orchard
terrace, a buried valley, diverges from the present
valley of Sherman Creek and continues southeastward
beneath the unconsolidated deposits that underlie the

Orchard and Main terraces. Evidently the present
course of Sherman Creek, which crosses the terraces in
a narrow, rock-walled canyon, resulted from super-
position from the unconsolidated deposits onto a bed-
rock spur.

The bedrock surface at the south end of the Reed
terrace area is as low as 675 feet, 200 feet lower than
the lowest bedrock surface at Grand Coulee Dam, 97
miles downstream. The most likely explanation for
this apparent anomalous depth is deep glacial scouring -
along the axis of the valley.

The‘highest terrace in the area is the Sherman Creek
terrace which occupies a bedrock depression flanking the
present valley of Sherman Creek. This terrace is di-
rectly underlain by at least 80 feet of sand and gravel,
but the nature of the underlying deposits is not known.

The Main terrace is underlain by as much as 60 feet
of sand and gravel which rests disconformably upon
varved silt and clay (pl. 1 and fig. 32) interbedded with
layers and lenses of fine sand, which probably extends
to bedrock. The varves range from % inch to 3 feet in
thickness. Measurement of 50 varves indicates that
the silty layer makes up an average of 42 percent of the
varve and the clayey layer 58 percent. Where the
varves are moist, a color gradation can be observed
from the light basal silt to the dark-gray overlying clay.
Commonly the contact is sharp between the clayey
layer of one varve and the silty layer of the overlying
varve, but in places it is gradational. Tiny lenses and
minute layers of very fine sand separate some of the
varves and in some places are found within a varve.
The varves are all sublaminated, and many contain
limy concretions. The thickest varves typically are
contorted, with the most intense deformation occurring
in the silty layer. The entire varve sequence dips
gently toward the center of the valley.

Interbedded with the varves are layers of light-colored
sand that range from a single layer of sand grains to
lenses 4 or 5 feet thick. The sand seems to have been
brought into the lake intermittently by tributary
streams. Sand beds and lenses are more abundant and
thicker in the part of the Main terrace deposits which
lie above the former bedrock channel of Sherman Creek,
and here there also is a downward increase in the pro-
portion of sand to silt and clay. Exposures in the sides
of a landslide alcove (landslide 261, fig. 4) reveal that
the sand layers become thicker toward the west.

Although till was not observed within the terrace
deposits in the Reed terrace area, its presence on the
opposite side of the valley suggests that it may occur
below lake level.

The Orchard terrace is probably underlain, beneath
fluvial sand and gravel, by a higher part of the lacus-
trine sequence underlying the Main terrace. Varved
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silt and clay are exposed to an altitude of 1,500 feet
at the east edge of the Orchard terrace.

The Farm terrace is underlain by material generally
similar to that of the Main terrace, although its internal
structure shows greater deformation. Exposures along
the shore of Franklin D. Roosevelt Lake show varved
sediments that dip westward at steep angles, suggesting
that these beds have been deformed by landsliding.
A layer of sand and gravel, which disconformably
overlies the deformed varved sediments, indicates that
this sliding is not of recent age.

An area of old landslide debris also extends down to
lake level at the south end of the Main terrace; this
slide area forms a terrace which is submerged when
the lake is at its maximum height. Here, too, the slide
debris consists chiefly of varved silt and clay.

GEOLOGIC HISTORY

All terrace deposits of the Reed terrace area seem to
have been formed during retreat of the last ice sheet
that covered northeastern Washington. The highest
and therefore probably the oldest deposit is the sand
and gravel of the Sherman Creek terrace. This
deposit of sand and gravel is outwash that was formed
by melt water coming down the valley of Sherman
Creek from the west and the northwest. Because
of high altitude, the Sherman Creek terrace probably
was graded to an ice-marginal melt-water drainage
channel along the west side of the Columbia glacier
lobe. By the time the glacier uncovered the valley,
coarse outwash evidently was no longer being carried
by Sherman Creek, for the lacustrine deposits in the
Valley show no pronounced coarsening in the vicinity
of the Sherman Creek valley. However, an increase in
the proportion of sand to silt and clay in this area
indicates that Sherman Creek was contributing sand-
sized material to the lacustrine deposits.

These lacustrine deposits, represented by the varved
silt and clay, were formed after the valley had been
cleared of ice in the Reed terrace area, but while the
valley was still dammed by the Okanogan glacier
lobe at and downstream from Grand Coulee Dam.
When this dam of ice melted from the Columbia River
valley, the lacustrine deposits upstream were dissected
by the Columbia River. Three stages of downcutting
are recorded by the successively lower Orchard, Main,
and Farm terraces.

SURFACE-WATER AND GROUND-WATER CONDITIONS

Before the formation of Franklin D. Roosevelt Lake,
the Columbia River flowed along the east toe of the
Main terrace and along the southeast side of the Farm
terrace at an altitude of about 1,160 feet. The lake
first attained its maximum height of 1,290 feet in June

1942. The lake now extends a short distance into the
Sherman Creek valley, and flanks the Farm terrace by
water on three sides. At its maximum height, the lake
surface stands 130 feet above the former river surface,
and the lake submerges 50 percent of the scarp of the
Main terrace and 60 percent of the Farm terrace.
Measurements by the Washington State Department
of Conservation and Development of the only other
body of surface water, Sherman Creek, show a range in
discharge from 8 to 117 cfs near the mouth of the stream.

Ground-water conditions in the Main terrace and
in the south half of the Farm terrace were very high
during and for many years before this investigation.
Several springs and many seeps issue along the hillside
west of the Main terrace. Many large springs, some
discharging as much water as a 3—inch pipe could carry,
issued from the scarp of the Main terrace before the
formation of Franklin D. Roosevelt Lake. Some of
these springs were near the base of the terrace scarp;
others issued from different zones up to the base of the
sand and gravel that overlies the varved sediments.
After the lake had risen and sliding occurred, new
springs issued from above lake level in the sides of
alcoves formed by the landslides.

Wells 25 to 35 feet deep on the Main terrace have
generally produced water, and shot holes drilled through
the sand and gravel cap reached soupy, saturated silt
in many places. Seismic velocity readings on the Main
terrace indicated saturation in the fine-grained sedi-
ments except in a zone along the north side of the
terrace adjacent to Sherman Creek. Seismic velocities
showed saturated conditions in the south half of the
Farm terrace, but generally dry conditions in the north
half. Ground-water conditions in the Orchard terrace
were comparable to those in the Main terrace. Veloc-
ities of shock waves in the fill underlying the Sherman
Creek terrace, however, indicate a dry condition,
and suggest that the material beneath the terrace is
free draining.

LANDSLIDES

Nineteen landslides and numerous enlargements that
occurred in the Reed terrace area are described in
chronological order. Some of them are briefly de-
scribed because little information is available; others,
particularly the more recent, are described in detail.
All but three of the landslides in this area are of the
slump-earthflow type (pl. 1). The information has
been assembled during periodic examinations of the
area and by discussions with Mr. Harrison E. Reed
(formerly a resident of the Reed terrace), Mr. Benjamin
Mullenburger, operator of the orchard, Mr. Joseph
Aubertine of Kettle Falls, Mr. W. L. Parrott, manager
of the Lafferty Transportation Co., and rangers of the
National Park Service. Miss Arlene Carson, who
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Qualitative facrors Quantitative factors

1. Materials 6. Terrace height
2. Ground water 7. Submergence

3. Culture 8. Original slope
4. Drainage

5. Material removal

Ideally, the statistical analysis would include simul-
taneous tests of main effects and interactions of all
eight variables. The absence of observations in some
of the combinations of factors indicated that such an
all-inclusive analysis was not practical since dispropor-
tionate subclass methods would be involved.

Preliminary analyses indicated that materials, ground
water, and original slope were correlated with the
HC:V( ratio of the landslides. The influence of the
above three factors had to be considered in testing the
significance of the remaining factors. Each of the re-
maining factors; namely, culture, drainage, material
removal, submergence, and terrace height, were tested
individually in a series of analyses that included mate-
rials, ground water, and original slope. Had more than
one of the remaining factors shown significance in these
analyses, it would have been necessary to perform a
further analysis to insure that both factors have effects
which are independent of each other. The further
analysis, however, was not necessary.

QUALITATIVE VARIABLES

The first analysis was made to determine whether
culture was associated with the HC:VC ratio of land-
slides. Observations of the 160 recent slump-earth-
flow landslides were arranged in a table which was clas-
sified according to material, ground water, and culture.
The original slopes and the HC:V( ratios of the land-
slides were the independent and dependent variables.
Statistical operations were made with logarithms. Ref-
erences to the raethod of analysis of covariance for
three classifications with disproportionate items in the
subclasses is given under the heading ‘‘Statistical
techniques” (p. €9).

Summary of the analysis

. Degrees | Sums of Mean
Source of variance of squares squares [Ratio] Significance
freedom
Pooled interactions + 151 | 1.49058251 | 0.00987141
residual.
Interactions . ... 13 | .16814048 | .01293388 | 1.35 | Not significant.
Residual - _____________ 138 | 1.32244203 | .00958291 |....._
Culture + interac- 153 | 1.49695583 |______ . _|-_.._.
tions -+ residual.
Culture.-..oooooo___. 2| .00637332 | .00318667 [ .32 Do.

The pooled interactions of materials X ground
water, materials X culture, ground water X culture,
and materials X ground water X culture were not

significant. The main effect for culture was also not
significant.

These results were interpreted to mean that within
the situation represented by these data, no relation
between culture and HC:VC ratio of the landslides
was detected. Cultural developments may be related
to ground water or activating causes of landslides,
but they could not be judged to relate directly to the
HC:V( ratio of the landslides from these data. The
absence of significant interactions supports the con-
clusion. This may be interpreted to indicate that
within each culture classification the effects of materials
and ground water on the HC:VC( ratio of landslides
may be accounted for by chance variation,

The second analysis was made by the same method
to determine whether drainage was associated with
the HC:VC ratio of the landslides. The following
table shows a summary of the statistical analysis:

Degrees | Sums of Mean
Source of variance of squares squares |Ratio| Significance
freedom
Pooled interactions 151 | 1.44284331 | 0.00955525 |------
+ residual.
Pooled interactions. 12 | .10416158 | .00868013 | 0.90 | Not significant.
Residual . _____________ 139 | 1.33868173 | .00963080 |-._.._
Drainage + inter- 153 | 1.49695564 |- o-ocooooooolooaoao
actions + residual.
Drainage..-coceeeeo-o 2 .05411233 | .02705616 | 2.83 Do.

Neither the pooled interactions nor the main effect
for drainage was significant. It was judged, there-
fore, that the factor, drainage, was not associated with
the HC:VC ratio of the landslides, even though it
might be highly correlated with ground water.

The third analysis was made to determine whether
the factor material removal was associated with the
HQC:V( ratio of the landslides. Data were classified
according to material removal, material, and ground
water. The original slope was the independent vari-
able. The HCO:VC ratio of the landslide was the
dependent variable.

Summary of the analysis

Degrees | Sums of Mean L.

Source of variance of squares squares |Ratio| Significance

freedom
Pooled interactions 147 | 1.43322298 | 0.00979816 |-.-.--

+ residual. L.
Pooled interactions. 10 | .08315798 | .00831580 | 0.84 | Not significant.
Residual .. ____________ 137 | 1.35006500 | .00985449 (...

Material removal + 149 | 1.46175654 | .01051623 |....._

interactions +

residual.

Material removal. 2| .02853356 | .01426678 | 1.46 Do.

Neither the pooled interactions nor the main effect
for material removal was significant. It was judged,
therefore, that material removal was not associated
with the HC:VC ratio of the landslides. The material-
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removal factor was not expected to be related to the
HC:V(C ratio of the landslides. This factor was
studied to determine in which geologic setting a series
of landslides would tend to load the toe area and con-
tribute to slope stabilization, and in which geologic
setting landslides would develop steep scarps and create
conditions conducive to additional landslide action.

The 160 observations of material removal which
were made on recent slump-earthflow landslides indi-
cated that it was correlated with submergence. Where
submergence was high the slide alcove was generally
emptied of material which spread over a large area on
the bottom of the lake. In places where slides occurred
side by side along a terrace, as they have in the Cedonia
and Reed terrace areas, this emptying of the slide al-
coves resulted in conditions which seemed conducive
to a second series of slides cutting deeper into the
terrace. This second series has started in the Reed
terrace area. The landslide material had a tendency
to load the toe area where submergence was lower.
Lake and river fluctuations may have caused many
re-movements of the material, but new landslides which
cut deeper into the terrace have seldom occurred where
much of material remains in the slide alcove.

The above analyses completed the simultaneous tests
of variables that can be expressed in qualitative terms.
Culture, drainage, and material removal were not sig-
pificant and were consequently judged to be of little
importance as they related directly to the HC:V( ratio
of recent slump-earthflow landslides.

QUANTITATIVE VARIABLES

The three quantitative variables, terrace height, sub-
mergence percentage, and original slope’ were next
considered. The analysis of covariance method was
used and the significance of the quantitative variables
was judged from the partial regression coefficients and
their standard errors. References to the technique of
analysis of covariance and the methods of computation
are given under the beading ‘Statistical Technique”

(p. 69.)
The regression equation used was

Y =a:;+ b1+ bawa+ baxs
where

Y=log HC:VC,

a; (=1, 2; j=1,2,3,4,5) =constants which represent the 10
sets of material (j) and ground water () conditions.

b1, ba, bs,=regression coefficients for the three independent

variables
z1=log terrace height
z,=submergence percentage expressed as equivalent angle
xz3=1log of original slope
7 QOriginal slopes and HC: VC ratlos of landslides are identical geometric measnre-
ments, to avoid confusion the term “ HC:V'C ratio” has been eliminated in deserib-
ing original slope.
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The value for submergence is a true percentage in
that its value cannot be less than 0 percent nor more
than 100 percent. The transformation from percent-
ages to equivalent angles is often useful for variables
with this characteristic. References describing the
equivalent angle transformation and sources of pub-
lished tables are given under the heading ‘‘Statistical
Techniques” (p. 69).

In the correlation analysis to be described, the orig-
inal data were transformed as follows:

Variable Transformation
Terrace height________________________ Logarithm
Submergence percentage_______________ Equivalent angle
Original slope_ _ - ____________________ Logarithm
HC:VCratioslide_ - __________________ Logarithm

Following standard procedures, regression coefficients
for the three independent variables were as follows:

Partial Standard
Variable regression error t Significance
coefficient
Terrace height_ .. __._._..__ 0. 051028 0.036416 | 1.40 | Not significant.
Submergence percentage. 302550 . 059582 | 5.08 | Highly significant.
Original slope._......._.._- 407675 . 049948 | 8.16 Do.

Coefficient of determination R?=0.389.

The ¢-test of significance indicated that the partial
regression coefficient for terrace height was not signifi-
cant, while coefficients for submergence percentage and
original slope were highly significant. It was judged,
therefore, that in this situation submergence percent-
age and original slope were important controlling fac-
tors with respect to the HCO:VC of slides and that
terrace height was not an important factor.

Another important consideration was the consistence
of the regression equation under the various combi-
nations of materials and ground water. The covari-
ance method requires that the true relation among the
variables be parallel for each set of conditions and that
any deviations from parallelism in the data be no
greater than might be expected from chance causes.

The test for parallelism among regression coefficients
is made by fitting separate regression equations to the
data of each of the 10 combinations of materials and
ground water. If the total sums of squares accounted
for by the individual regression are greater than the
total sums of squares accounted for by the combined
regression equation to a degree that is significant, then
the regressions are judged to be not parallel.

Of the 10 sets of data representing the 10 possible
combinations of material and ground water, 1 set con-
tained no slides; 2 other sets contained 1 slide each;
and a 4th set contained only 5 slides. The remaining
6 sets contained 17 or more slides. The test for depar-
tures from parallelism was made with the latter 6
classes, since including the 4 others would add very
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little new lpfornlatlon and would greatly complicate Partial ro- | Standard
the cal culat,lons. Variable greésipn go error t Significance
efficient
Test of significance
%upmerlgeiwe percentage._- (1) %g;gﬁ 0. oggl i. 34 Higl]l%y significant.
S i g S f 2 i riginal slope......_______. -1 .3225 | 4.72 0.
ource of variance l%reggggig f sgglaigs s]f::x]i‘; Fest Stgnificance Original slope (quadratic)..| 8.067515 1.336 | 6.04 Do.
Pooled regressions._. . 2! 0.677822 |eoo e Coeflicient of determimation R2==0. 503.
Individual regressions. 12 033487 | |-
Dep?]nltllires from 10 255665 | 0.0255665 | 3.52 Highlty signifi- Sub ¢ d both ] d d
parallellism. cant. ubmergenc er ¢ an n -
Residual_ _____________ 135 . 980200 00726074 |__.___ g N p cen age a 0 near a qu&

A reference to the details for the test for parallelism
is given in the section on ‘‘Statistical Techniques,”
(p. 69).

The test for significance showed that the regression
equation derived from the combined data of the six
classes did not adequately represent the data in the
individual classes. It was necessary, therefore, to reex-
amine the interrelations among the two independent
variables (submergence and original slope) and the
dependent variable (HC:V( ratio of slide). Use of
a linear function to represent this relation implied that
for a given change in the logarithm of the original slope
a proportional change would be expected in the log-
arithm of the HC: VC ratio of the slide without regard
to the level of original slope. It can be easily under-
stood that such a relation is not realistic.

To develop a regression equation which properly
represented the data, a quadratic term for logarithm
of the original slope was added to the equation. The
new regression equation then became

Y=a'i;+b'2+ by 23+ bs'x3

where

Y=log HC:VC,

ay’, by, by', by’ =intercept and regression coefficients,

z;=submergence percentage (equivalent angles),

z3=1log original slope,

14-x,)2

a2
A new test of parallelism was then made using the new
function as follows:

original slope (quadratic).

Source of variance [Degreesof|] Sums of Mean | f-test Significance
freedom squares square
Combined regressions. 3 0.915676 |- . _}.ooo._
Individual regressions. 18 1.062212 |coooo oo |oaee
Departures from 15 . 146536 | 0.00976907 | 1.3 | Not significant.
parallelism,
Residual . ___.._.__._.. 129 . 851475 . 00600581 |_-..--

Using the equation with the quadratic component
for original slope, departures from parallelism were
not significant. We can assume that the regressions
are parallel in the six classes and that a single regression
relation is operating with respect to the landslides.

A new covariance analysis was made employing all
of the 160 observations of landslides. Estimates of the
partial regression coefficients are as follows:

ratic terms of original slope were highly significant.
Some idea of the overall gain in precision due to adding
the quadratic term is seen from the coefficient of deter-
mination (square of multiple correlation coefficient), in
the previous analysis R?=0.389, while in the last
analysis R?=0.503, or an increase of 0.11. The coeffi-
cient of determination measured the proportion of
total sums of squares accounted for by the independent
variables. Adding the quadratic term brought about
a sizable increase in precision.

TESTS OF SIGNIFICANCE FOR MATERIALS AND GROUND WATER

The final analysis of HC:VC ratios devolved about
tests of significance for the two qualitative factors,
materials and ground water. These tests were made
from an extension of the above-described covariance
analysis. A summary of the test of significance for the
interaction between materials and ground water is as
follows:

Degrees | Sums of | Mean .
Source of variance of squares square |ftest Significance
freedom
Pooled interactions re- 151 1015185 §oomomoaofeemaae
sidual,
Residual . ____.._________ 148 1.000239 | 0.006758 |-.-..- .
Pooled interactions._____ 3 . 014896 | .004965 | 0.73 | Not significant.

The f-test showed that the interaction was not sig-
nificant. The absence of a significant interaction may
be interpreted to mean that the effect of ground water
on the HO:VC ratio of the slide is additive over the
entire range of material categories or that within each
materials classification the HC:VC ratio of landslides
increases uniformly with increases in ground water.

The summary of tests of significance for main effects
is as follows:

Degrees | Sums of Mean .
Source of variance of squares square |f-test Significance
freedom
Materials pooled inter- 155 1.101047 | oo_. R
actions.
Poti)(lied interactions re- 151 1.015135 | 0.006723 |.....-
S
Materials___ ... 4 085912 | .021478 | 3.19 | Significant.
Ground water pooled in- 152 1.150810 |_eoooooofoamaen
teractions residual.
Po?(liedlinberactions Te- 151 1.015135 006723 |_...-.
sidual.
Ground water _______.__ 1 . 135175 135175 (20.11 Highlty signifi-
cant,
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The test of significance showed materials to be sig-
nificant and ground water to be highly significant. It
was judged that both of these factors are very impor-
tant in controlling the HC: V ratio of the landslides.

In the statistical analyses summarized above, 10 inde-
pendent variables were tested for possible correlation
with the HC:VC ratio. Four factors were highly

significant, and one factor was significant. They are as
follows:
J-est t-test Significance

Ground water__._______ 20.11 ____ Highly significant
Original slope (linear) __ ___.__ 4.72 Do.
Original slope - 6. 04 Do.

(quadratic)
Percentage submergence .- _-_ 4. 34 Do.
Materials..- - _____ 3.19 _.__ Significant.

All five significant factors exercised important control-
ling effects on the HC: V(' ratio. Perhaps other factors
were related to the HC: V(ratio, but if relations existed
they were too small to be detected and therefore, were
not important.

EQUATION FOR THE PREDICTION OF HC:VC RATIOS OF LANDSLIDES

In the foregoing statistical analyses, the importance
of different factors affecting the landslides has been
studied. Five factors in particular were important in
controlling the HC:VC(C ratio. The two qualitative
factors ground water and materials showed no inter-
action. The two quantitative factors original slope
and submergence showed no departures from parallelism
within the 160 slides studied. It has been established
with this information that the HC: VC ratio is a predic-
table phenomenon that may be expressed in a single
unified equation.

If the predication equation is derived from the ana-
lysis of covariance used in making the tests of signifi-
cance, 10 independent variables are involved and the
algebra becomes somewhat unwieldy for field use.
Ground water, which contained only 2 levels, was
simple to quantify by merely assigning the value of 0.1
to the high level and 0 to the low level. By this device
the regression analysis gives an answer identical to that
of the analysis of variance.

It would be possible to quantify the five material
classifications using the method of least squares as
described by Fisher (1946, p. 209-306). The authors
were not in a position to conduct such an exhaustive
analysis as Fisher’s method would require. As an
alternative action, numerical values were arbitrarily
chosen as follows:

Material designation Assignment numerical level
1 +0. 1
2 0
3 0
4 0
5 —. 1

Using the quantitative values for ground water and
materials combined with submergence, and original
slope, linear and quadratic, analysis folloeing the mul-
tiple regression pattern was made. The computational
pattern described by Fisher (1946) was followed. The
method of multiple regression is also described by Davies
(1954), Youden (1953), Goulden (1952), Mather (1943),
Snedecor (1946), and Kempthorne (1953).

Using the redefined variables in a new regression
analysis, the reduced prediction equation was developed :

Y=0.6328+0.2460X, —1.4121 X, 7.5583X;+1.0338X,
+0.4015X;

where

Y= Logarithm of predicted HC: V( ratio of slide

X;=8ubmergence percentage (equivalent angle)

X,=0Original slope (logarithm)

X;3;=0riginal slope (quadratic)

X4=Ground water (low takes value 0. High takes value 0.1)

X5=Materials (1 takes value +0.1; 2, 3, and 4 take value 0;
5 takes value —0.1)

An estimate of the loss in precision which occurred
by quantifying the two qualitative variables can be
obtained from the analysis of covariance as follows:

Source of variance Degrees of | Sums of Mean
freedom squares square
Total oo 159 2.919848 1 ... _____
Reduction due to fitting constants..____.____. 8 1. 904713 0. 238089
Residual. .. 151 1.015135 . 006723
From the reduced regression analysis
Total.... - [, 159 2. 919848
Reduction due to constants - ____..__._____._. 5 1.893696 | 0.378739
Residual - .. 154 1. 026152 . 00666332
Source of variance |Degreesof| Sums of Mean Ratio| Significance
freedom squares square
Residual from 154 1.026162 |- _Jea.
regression.
Residual from 151 1. 015135 006723 |------
covariance.
Loss of precision______ 3 . 011017 003672 |0. 546 | Not significant.

The analysis showed that the loss of precision brought
about in the simplification of the prediction equation
was not significant. For prediction purposes, therefore,
the reduced equation can be used in place of the com-
plete equation.

Tests of significance were made for the individual re-
gression coefficients as follows:

Partial |Standard
Variable regression error t-test Significance
coefficient
Yintercept._ . ___.__ —0.6328 0.1209 5.23 | Highly significant.
Submergence. . ... . 2460 . 0538 4,58 Do.
Original slope (linear)._____ -~1.4121 . 3036 4.656 Do.
Original slope (quadratic)._| 7.5583 1.248 6.05 Do.
Ground water_____.________ 1.0338 . 2261 4,57 Do.
Materials. - __.___._________ . 4015 .1198 3.35 Do.
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The final consideration concerned the precision with
which predictions can be made of HC:VC using the re-
duced equation. The 95-percent confidence limits for
the prediction was considered a satisfactory level of
precision. Such confidence limits for a six-variable
equation, however, require a somewhat involved cal-
culation and would be entirely impractical for field use
(see section headed ““Statistical techniques’, for amplifi-
cation of this concept). A somewhat less exact meas-
ure of precision can be derived from the standard error
of estimate of the reduced prediction equation (s;).
The standard error of estimate in the logarithm scale

824=0.08163

This statistic describes the distribution of observed
values of HC:VC ratio in logarithms about their
respective predicted values. If the data are normally
distributed (in this situation it is judged that the data
are normally distributed) approximately 95 percent of
the observed points will fall within the range described
by =+ (ts5y).

The 95-percent confidence limits describe a range
which brackets the true value with a 95-percent prob-
ability. The standard error of estimate describes the
variation of the data about an estimated mean. The
two kinds of limits will be almost identical within the
normal range of the landslide data. The standard
error of estimate remains constant over the range of the
data, while the 95-percent confidence intervals increase
as predictions are made with data which depart from
their means.

As an example of the use of the reduced prediction
equation and the calculation of limits of variability,
consider slide 65. Values of the independent variables
for this slide have been estimated as follows:

Variable Numerical | Transformed Transformation
value value
X1 Submergence percentage. 31 0.338 | Equivalent angle.
X, Original slope (linear)___._ | 1.27 .230 Logaritlzlm.
X, Original slope (quadratic). %‘3’1 151 %
Xy Ground water.______.___. Low (0) 0 None.
X5 Materials. ... _.._________ 1 .1 | None.

The above values were substituted into the reduced
prediction equation as follows:

Regression  Transformed
Variable coefficient value Product
Submergence______________ 0. 2460 0. 338 0. 0831
Original slope (linear) ______ —1.4121 . 230 —. 3248
Original slope (quadratic)___ 7. 5583 . 151 1. 1413
Ground water_____________ 1. 0338 0 0
Materials_________________ . 4015 .1 . 0402
Intercept (constant term in
equations) . ____________._ ________  ________ —. 6328
0. 3070

Estimated value of ¥
Antilog (0.3070)=2.03

As indicated above, the standard error of estimate was
825=0.08163

as estimated with 154 degrees of freedom. The value
of (t) for 154 degrees of freedom representing a 95-per-
cent probability in one direction was

t=1.65
and
ts,y=0.1347

In using the cquation to predict the HC:V( ratio,
interest was centered only on the upper limit, because
it was important to know the most probable value of the
HC:V(C ratio and an upper limit representing the great-
est extent to which the slide would cut.

Criginal values

Logs (antilogs)
Predicted log HC:VC ratio.._ . ... 0. 3070 2. 03
(1.65) Sxyoomocmo oo . 1347
Upper HC: VC ratio limit . 4417 2. 76

For slide 65 the predicted HC:VC ratio was 2.03
and the approximate upper 95-percent variability limit
was 2.76. The measured HC:VC ratio of the slide
was 2.5 and it cut back 1,150 feet into the terrace. The
predicted HC: VC ratio of 2.03 estimated that the slide
would cut into the terrace only 920 feet. With the
confidence interval added, the approximate variability
limit for the slide was 2.76. Using this estimated ratio,
the slide would have cut into the terrace 1,260 feet,
or 110 feet farther than it did.

ANCIENT SLUMP-EARTHFLOW LANDSLIDES

Ancient landslides were studied to determine whether
the HC:VC ratio for these slides followed the same
general pattern in relation to the classification units
as the recent slump-earthflow landslides and to try to
evaluate how much HC:V(C might increase for the
recent landslides during a long period of weathering
and erosion.

The classification data of the 37 slides of this type
group are tabulated in table 3, page 80. An example
of the group is shown in figures 21 and 22. Classifica-
tion problems were immediately apparent in studying
these ancient features. QGround-water conditions at
the time of the slides were difficult to appraise. Only
two classifications were established, high and low, and
these were determined by the general physiographic
form of the area behind the landslide. If the shape
and trend of the bedrock valleys behind the landslide
seemed conducive to channeling an abundant supply
of ground water to the landslide area, the ground water
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was classified as high and, if not, it was classified as
low. Only 9 of the ancient landslides were in the low
category, and they have a mean HC:V( ratio of 3.1,
as compared to a mean HC:V( ratio of 3.7 for the 28
classified as having high ground water.

Surface-water relations or the submergence factor
of this group were also unknown. The factor, original
slope, which was determined to be important in the
recent slump-earthflow group, could not be determined
for the ancient landslides.

Preliminary statistical tests indicated that the
ancient slump-earthflow landslides could not be included
with the recent slump-earthflow landslides in a statisti-
cal analysis, because this group did not provide ade-
quate data for a detailed statistical analysis. A test
was made, however, of the material classifications as
they related to the H(C:V{ ratio, and the f-test was
significant, indicating that in the different material
classifications represented the mean H(C': V( ratios were
significantly different.

The minimum, maximum, and mean HC:V(C ratios
of ancient landslides for the material and ground-water
groups represented in the data are as follows:

HC:VC ratios
Ground Number
Material water in group
Mini- Maxi- Mean
mum mum
) S High_ ... 19 2.4 5.1 3.8
5 2.1 5.9 3.2
3 3.6 6.1 4.8
5 L7 3.2 2.6
4 2.6 3.4 3.0

The following is a comparison of the mean H(C:V(C
ratios of recent and ancient slump-earthflow landslides
for all classes of materials and ground water contained
in the ancient type group:

. Recent slump- Ancient land
Material Ground earthflow slides [slides (arithmetic
water (estimated mean mean)
of HC:VC ratio
.............. 3.27 3.8
.............. 2.43 3.2
2.92 4.8
OW .o oooos 216 |
.............. 2.87 2.6
W - 2.13 3.0

In material category 1 and ground-water categories
high and low the general pattern of relation between
HC:VC ratios was similar to that in the recent slump-
earthflow landslides. In the other groups, no similar
relation was found, but they were represented by such
a small number of landslides that conclusions were
probably unwarranted. Only the slide group having
material category 1 and high ground water contained
enough landslides (19) to give any validity to a com-
parison of the mean value with that of the recent slump-

earthflow slides. The mean value of the ancient slides
was 3.8 and of recent slides 3.27. This larger mean
H(Q:V( ratio could be indicative of an increase in time
by weathering and erosion, but it could also indicate
that only the larger ancient landslides have been pre-
served in sufficient detail to be recognized in the field
and included in the study.

SLIP-OFF SLOPE LANDSLIDES

This group was the second largest included in the
study. The classification data of 42 landslides of this
group are tabulated in table 2. Figures 6 and 8
illustrate this group. The classifications and measure-
ments made of these landslides were the same as those
made for the recent slump-earthflow group.

Preliminary statistical tests indicate that the slip-off
slope landslides could not be included with the recent
slump-earthflow landslides but would have to be studied
independently. The group did not contain data on a
sufficient number of landslides to justify detailed
statistical treatment. However, a test of significance
was made of the material and ground-water classifica-
tion categories as they related to HC:V( ratios.

Neither ground water, material classifications, nor their
interactions were significantly related to the HC:VC
ratio of the slip-off slope landslides.” The HC:V(C
ratios for this group ranged from a minimum of 1.0 to
a maximum of 2.6 and the mean ratio of the 42 land-
slides was 1.78. The data showed a high degree of
correlation between original slope and the HC: VC ratio
which, as explained in the description of type groups,
was an independent determination.

The mean value of the original slope was found
to be 1.62, or just 0.16 less than the mean HC:VC
ratio. This type of landslide rarely cuts deeply into
a terrace. The causes of these slides can generally
be attributed to undermining processes by lake,
stream, or excavation.

This type of failure occurs more frequently in coarser
grained and dry materials. Of the 42 slides classified,
only 4 were in silt and clay, or material category 1, and
the remaining 38 were in silt, sand, and gravel cate-
gories. Of these remaining 38 slides, 26 were in sand
and gravel. All 42 landslides were in the low ground-
water classification categories (22, 23, and 24).

Landslides of this type tend to stabilize at the angle
of repose of the material involved where a protective
wave bench has been built at the toe of the slope and
undermining processes are not operating. None of
these landslides in the area of investigation could be
considered stabilized because of the lack of a protective
wave bench in the Franklin D. Roosevelt Lake areas
and unusual river fluctuations in the areas below Grand
Coulee Dam.
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MULTIPLE-ALCOVE LANDSLIDES

Although small in number, this group of nine land-
slides warrants special attention. The particular
geologic setting in which slides of this type are found
is described in a foregoing section of the report (p. 7).
Perhaps all of these complex slides should be studied
individually. More detailed knowledge of them might
indicate that they should not be studied together; but
because of similarities in the geologic environment
they have been grouped in this study. Only one slide
of this kind occurred during the investigations (figs. 4,
5, and 12). A detailed description of this slide is
given on pages 16-18. The other eight are ancient
landslides which have generally a similar physio-
graphic form.

Landslides of the multiple-alcove type are indi-
vidually the most destructive of the 10 types of slides
because of the tremendous area and volume of material
involved. The HC:VC ratio in slide 276 reaches a
maximum value of 9.7; however, this measurement
may represent much postslide erosion which should
not be attributed to the sliding. The mean value of
the HC:VC ratios for these 9 slides is 5.9, and the
HC:VC ratio of the new multiple-alcove slide (No. 261)
which occurred in the Reed terrace in 1952 is 6.2.
The locations of multiple-alcove slides are limited
sharply to deep terrace deposits overlying channels
in the bedrock. They are also probably limited to
fine-grained materials supersaturated by ground water.

Summary of multiple-alcove slide data

Slide No. Material | Ground HC ve HC:VC LC
water
3 22 1,900 400 4.8 3,000
3 21 1,600 400 4.0 1, 500
1 21 4,700 510 9.2 5, 500
1 22 4,200 850 4.9 5,000
1 21 2, 600 600 4.3 2, 000
1 21 1,650 270 6.1 1,300
1 21 1, 650 400 4.1 3,400
1 21 2,100 340 6.2 1,400
1 21 3,200 330 9.7 4,200
LANDSLIDES OFF BEDROCK

Landslides in which the surface of rupture generally

follows bedrock are common in the area. Summarized
below are six of the landslides studied:
Slide | Material | Ground | Original HC Ve HC:vVC LC
No. water slope
5 J. 5 24 1.4:1 210 160 1.3 90
.7 S, 2 22 5.7:1 230 42 5.5 160
86 . . 1 24 2.1:1 95 45 2.1 140
110.__.... 2 21 3.5:1 570 163 3.5 250
171 ... 1 24 2.1:1 33 16 2.1 43
240 ___ 1 24 1.7:1 120 70 1.7 100

HC:VC( ratio of these slides is nearly the same as the
original slope. The most important fact revealed
by this group is that the flattest slopes fail in a setting
where superficial deposits are shallowly underlain by
bedrock. The flattest slope to slide in all the investi-
gations was in slide 84, where the original slope was
5.7:1. It is interesting to note that ground-water
conditions here were dry. The mass of landslide
material in landslide 110 flowed around projecting
bedrock points which seemingly should have given
enough support to resist sliding. The mean HC:VC
ratio of this group was 2.7, but it has little significance
in studying the possible occurrence or extent of a
landslide of this type at other locations.

UNIFORMITY EXPERIMENT

All the basic data used in the statistical analysis
of landslides were collected by Mr. Jones. The ques-
tion arises, therefore, as to whether these data are
conditioned in some manner by his long period of ob-
servations and by personal methods of making the meas-
urements. If this is so, other workers might find it
difficult or impossible to get similar results. To gain
some insight into this problem, a uniformity experi-
ment was conducted to determine whether field obser-
vations of independent workers, using the same concept
of HC:VC ratio and the same classification categories
of ground water, original slope, material, and percent
submergence, would reproduce the results of Mr. Jones’
field observations.

The uniformity experiment was planned so that two
geologists who were not familiar with the Pleistocene
deposits or the landslides in the area were assigned to
make a series of measurements. The men were briefed
for 2 days before going into the field on the methods
used to secure the original data, definitions of the class-
ification categories, and the organization and purpose of
the test. Detailed explanations and answers to their
questions were given as they requested. All data and
results of the author’s measurements were withheld
until the fieldwork was completed. The first half day
in the field was devoted to practice measurements of
landslides not included in the experiment and to obser-
vations of a few exposures. After this the two geolo-
gists, Christopher Erskine and Warren Peterson, used
their notes and the definitions which had been estab-
lished by the author, but no further explanations or
guidance were given.

The experiment was conducted on recent slump-
earthflow landslides, 160 cases of which were analyzed
in the preceding section. Available resources limited
the investigation to a sample of 42 slides. The ideal
sample would have been 42 slides picked and measured
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completely at random from the 160 slides available.
Under such conditions each of the 160 slides would have
had an equal and independent chanee of getting into
the sample and, as such, it would have been represent-
ative of the area as a whole. However, it was imprae-
tical to measure 42 of the slides in a random order
since some of them were nearly 100 miles apart. Irre-
spective of the order of measurement, 7 areas were
arbitrarily ehoosen where 6 or more landslides eould be
measured in 1 day. A random sample of six slides was
chosen from each area for inclusion in the test, and the
order in which the slides were chosen was the order in”
whieh' they were measured. The randomization was
performed with published tables of random permuta-
tions. Landslides were selected for experimental ob-
servations for 7 days in the above manner.

Geologists . Peterson and Erskine made observations
on the 42 slides from April 13 to 23, 1953. Measure-
ments and classifieations recorded for each slide were
the HC:VC ratio or dependent variable and the four
independent variables determined to be important
controlling factors from the analysis of the recent
slump-earthflow landslides—ground water, original
slope, submergence, and material. Table 7 summar-
izes the data obtained from this test together with du-
plicate measurements taken from table 1 by the senior
author.

SUMMARY OF ANALYSIS OF HC': VC RATIO OF LANDSLIDES

The problem was to determine whether the means
of the HC: V(O ratio in the test differed significantly
from the originals. The results showed that the mean
values of the H(C:VC( ratios did not differ materially;
consequently, they were found to be reproducible by
other geologists. Because HC:V( ratios were contin-
uous variables, the statistical analysis followed the
standard pattern for the analysis of variance. The
computations and tests of significance were made with
the logarithmic form of the data. Sample computa-
tions, together with references, are given under head-
ing “Statistical Techniques’ (p. 69).

Degrees Sums of Mean

Source of variance  of freedom squares squares f-test Significance
Total . 83 1.9038
Landslides__. . 41 1.3954  0.0340 2.86 Highly significant.
Men. _____._ - 1 . 0207 . 0207 1.74 Not significant.
Residual .. .________ e 41 . 4877 . 0119
In original
. numbers
Mean HC:VC ratios In logarithms  (antilogs)
LV 0.2670 1.850
Original measurements. ... . 2986 1. 989

Difference .0316 .139

The tests of signifieance show that the difference
between slides is highly significant, while the difference
between men is not signifieant. It is judged, there-
fore, that the H(C: V( ratio is a sensitive measurement
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of a landslide, and the ratio could be reproduced in
this situation by at least two other workers. The sen-
sitivity of the HC: V( measurement is presumably due
to significant variations in the four classification fac-
tors—material, ground water, original slope, and sub-
mergence percentage, which are defined and analyzed
in preceding seetions. Measurements and classifications
were made by Mr. Jones a few years before this test;
thus the lack of a significant difference between men
leads to the judgment that HC:V(C values are stable
over a short span of time.

SUMMARY OF ANALYSIS OF ORIGINAL SLOPE

The problem for original slope was the same as for
the HC: VO ratio—to determine whether the means of
original slopes measured in the experiment differed to a
signifieant degree from the originals. It was found that
they did not and that this factor was reproducible by
the men in the experiment. Original slope, like the
HQ:V( ratio, was a continuous variable, so the analy-
sis and computation followed the same pattern.

Degrees Sums of Mean of

of freedom squares  squares f-test Significance

Source of variance

83 1. 6618
41 1.3140  0.0321 4.05 Highly significant.
1 . 0229 . 0229 2.89 Not significant.
41 .3248 . 00792
In original
numbers
Mean original-slope ratios In logarithms  (antilogs)
Test 0.3476 2.227
Original measurements. . 3806 2. 402
Difference .175

The difference between landslide means is highly
significant, whereas the difference between men is not
signifieant. It is judged, therefore, that original slope
is a controlling factor in the environment of a land-
slide and its measurement can be reproduced by other
geologists.

SUMMARY OF ANALYSIS OF SUBMERGENCE PERCENTAGE

Since submergence was also a continuous variable,
the problem and its solution were the same as in the
two previous analyses, except that the percentages were
transformed to equivalent angles instead of logarithms.

Degrees Sums of Mean of

Source of variance of freedom squares  squares f-test Significance
Toat). . .o . 83 1. 1263
Landslides........._..__ 41 1.0274  0.0251 14.2  Highly significant.
Men_ .. i . 0264 . 0264 14.9 Do.
Residual ... 41 0725 . 00177
- In original
numbers
Mean submergence values In angles (antilogs)
Test.__. R [N 0. 4224 45.2
Original measurements_ . __ .o oo ooioooao . 4579 51.4
Difference. ... oo oo e . 0355 6.2

Both landslides and men were highly significant. It
is judged, therefore, that submergence percentage is
also a controlling factor in the geologic setting of a
landslide. Statistically, the mean difference of 6.2 in
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submergence percentage indicates: (a) that submer-
gences were measured differently at the time of the ex-

periment than when they were measured originally, or’

(b) that the measurement for submergence is not re-
producible among geologists. From a practical stand-
point this mean difference of 6.2 percent is probably
not large enough to be important.

SUMMARY OF GROUND-WATER ANALYSIS

The qualitative variable ground water, with two
categories, was reproducible by geologists Erskine and
Peterson. Of the 42 landslides classified, only 1 dif-
fered from the original. Had the men in the experiment
been unable to duplicate the ground-water categories
at all, their results would have reflected chance vari-
ation. With 2 classifications where chance alone dic-
tated the choice, each classification would have a prob-
ability of 1:2 of being correct or erroneous (assuming
the original classification to be correct), or it would
have been expected that on the average, of the 42
slides, 21 would be classified right and 21 wrong. The
results deviated from what would have been expected
by chance alone; therefore, it is judged that the men were
able to classify ground water in the same way as the
author,

Actual and expected results are:

Ezpected
(by chance alone) Actual
Classifications right._ _ ____________ 21 41
Classifications wrong_ _______.____. 21 1

x?=38.1 Degree of freedom=1 Probability=0.01

The chi-square of 38.1 is greater than would occur on a
chance basis once in 100 times. Chance alone cannot
explain these data. Consequently, it is judged that
ground-water classifications are reproducible.

SUMMARY OF MATERIAL ANALYSIS

The qualitative variable material, with five catego-
ries was not reproducible by the men in the experiment.
The method of analyzing the material classifications
was the same as for ground water except that material
was divided into five categories. Here, il chance alone
operates in the classification, the probability of its being
correct is one-fifth and of its being incorrect four-fifths.

Actual and expected results are:

Ezpected
(by chance alone)

Actual
Classifications right_______________ 8. 4 10
Classifications wrong. _ ____________ 33.6 32

x2=0.396 Degrees of freedom=1 Probability=0.30

The value of chi-square of 0.396 indicates that the test
results are about what would be expected by chance
alone; consequently, it must be judged that the men in
the experiment were not to classify materials into the five
categories. This is not surprising because of the com-
plex nature of Pleistocene deposits in the area and the
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brief incomplete field review of the deposits given the
men in the test before their first attempt at this kind
of classification. Classification is one of the most dif-
ficult tasks for research workers in any scientific investi-
gation. Geologists Erskine and Peterson could prob-
ably have more nearly duplicated the original measure-
ments if the illustrations showing the different types of
material (figs. 32-38) had been available to them, and
if they had.been provided with a working knowledge
of all the pertinent material exposures in the investi-
gational area.

SUMMARY AND INTERPRETATION OF UNIFORMITY EXPERIMENT RESULTS

1. The HC:VC ratio was a precise measurement of a
landslide. It was also a measurement reproduc-
ible by other geologists unfamiliar with the details
of the landslide or the particular geologic setting.

2. The original slope of the terrace scarp was one of the
controlling factors in the environment of a land-
slide. It was also a reproducible measurement.

3. Submergence percentage was also determined to be
a controlling factor in the geologic setting of a
landslide but was pot reproducible by the geolo-
gists in the test.

4. Ground-water classificotions were reproducible, qual-
itative measurements.

5. Material classifications were not reproducible in the
experiment. The geologists could probably have
more nearly duplicated the original classifications
if they had been provided with clear-cut defini-
tions, illustrative material, and a working knowl-
edge of the stratigraphy of the Pleistocene deposits.

While the uniformity experiment indicated that ma-
terial classifications may not be reproduced, the analysis
of recent slump-earthflow landslides showed that mate-
rial classifications were correlated with the HC:VC
ratio of the landslides. Since both of these variables
had demonstrated their usefulness in predicting the
slide ratio, they were not rejected. Because of the
results of the test, definitions of the material-classifica-
tion categories were painstakingly revised to include
many details which were not incorporated at the time
of the experiment.

SLOPE-STABILITY INVESTIGATION

In an effort to determine which sections of the banks
along Franklin D. Roosevelt Lake were safe from land-
slides and which were unsafe, a slope-stability investi-
gation was undertaken. The study was designed to
combine the data of the 160 recent slump-earthflow
landslides with data for 160 representative locations
in which there were no landslides. The analysis
used the discriminant-function method, in which
quantitative and qualitative factors influencing slid-
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ing were combined into an equation that provided
maximum discrimination between slopes that are likely
to fail by landsliding and those that are not. The 320
values of the discriminant function ranged from
—0.0019 to +0.0404. The lower values were generally
associated with stable slopes, and the higher values
with landslides. A value of 0.0106 was found to be
the theoretical lower 95 percent confidence limit for
slides, and although much overlapping of discriminant
values was found between slides and stable slopes, there
are clear-cut conditions where nearly all slopes have
slides and other conditions where nearly all slopes are
free of slides.

For the purpose of this study, a stable slope was
defined as a slope on which there was no recent slide.
The investigation of stable slopes was made by classi-
fications and measurements in the same manner as the
investigation of landslides. Locations were chosen so
that the group of 160 stable slopes represented as nearly
as possible a random sample of all slopes along Franklin
D. Roosevelt Lake which have not been affected by
sliding in its first 14-year history. Measurements were
made of the slope of the terrace scarp, submergence
percentage, and terrace height. Classifications were
made of the qualitative variables, ground water and
material, following the same definitions and classifi-
cation categories used for the landslides. The locations
of the slopes studied and the classification data are
summarized in table 8 (see section headed ‘“Tables of
landslide data’”, p. 74).

SUMMARY OF ANALYSIS FOR THE DISCRIMINANT FUNCTION

The diseriminant funetion employed in this experi-
ment is an equation designed to differentiate slopes that
are potential slide areas from slopes that are not po-
tential slide areas. The form is

Y= Dby bya+ bsxs -+ bexs + bgxs+ bexs+ brrr + bexs+ byxy
where

y=the dependent wvariable or diseriminant function

by, bs . . . by=coefficients derived from the analysis of
factors influencing sliding in 160 landslides and 160
stable slopes

Z1, Z2 . . . Tg=independent variables determined to be sig-
nificant factors influencing sliding: original slope,
submergence percentage, terrace height, ground water,
and materials

The independent variables, original slope, submer-
gence percentage, and terrace height, are quantitative
and can be used in their numerical form. To use
multiple regression methods, the qualitative variables
ground water and materials must be quantified.
Ground water is a qualitative variable, and since it
has only two levels it presents no problem in quantifi-
cation. The number 0.1 was arbitrarily assigned to
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high ground water and the number 0 to low ground
water.

Materials were represented by five independent var-
iables, with the following assigned values:

z5=0.1 for material 1 and 0 for other materials
z6=0.1 for material 2 and 0 for other materials
z7=0.1 for material 3 and 0 for other materials
z3=0.1 for material 4 and 0 for other materials
29=0.1 for material 5 and 0 for other materials

Data for orignial-slope and terrace-height variables
were transformed to logarithms. Data for submer-
gence percentage were transformed to equivalent angles.
For the 160 landslides, the discriminant values are
listed in table 1; those for the 160 stable slopes in the
experiment are listed in table 8.

Regression coefficients and tests of significance for the
discriminant funetion are as follows:

Standard t-fest

Symbol Variable Coefficient  error t Significance
b Original slope.._........ -0.0213  0.0016 13.33 Highly significant.
b2 Submergence....._._..... . 0028 L0019 1. 44 Not significant.
b3  Terrace height._ . . 0102 L0013 7.85 Highlg significant.
b Ground water_. . 0616 . 0104 5.89 0.
b5  Mate ) IS -. 0082 )
by Material 2__. . 0106 . 0066 1.60 Not significant.
b;  Material 3._. . 0037 . 0070 .53 Do.
bs Material 4. . 0186 . 0076 2.44 Significant.
by Material 5___ . 0071 3.46 Highly significant.

1 Not estimated.

The variables, original slope, terrace height, ground
water, and material 5, showed high significance. Mater-
ial 4 showed significance at the lower level. Submer-
gence percentage was not significant. The standard
error for the coefficient of material 1 could not be readily
estimated from the analysis, but since the standard
errors for the other materials were approximately
equal it was assumed that material 1 was not significant.

The analysis of variance for testing the significance of
the discriminant function was as follows:

Mean

Source of Degrees of Sums of

varience Jreedom  squares square f-test Significance
Total . ____.__ 319
Between groups. ... 9 0.000710936 0.00639842 24.6 Highly significant.
Within groups...... 310 . 00894317 . 0000288488

The high degree of significance between groups may
be interpreted to mean that the variables included are
related in some manner to the stability of slopes in
this area. Nonsignificance of material classifications
in categories 1, 2, and 3 is not surprising because these
categories contain principally fine grained sediments
which when dry stand in clifflike slopes and when wet
rest on gentle slopes. When taken together as material
groups, both situations are combined. Some different
method of quantification based on grain size, amount of
compaction, cohesion, or shear strength might provide
a way of incorporating them into the slope-stability
formula, but this was not within the scope of the inves-
tigation. Because of the lack of significance of three of
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the material categories, it was decided to derive a re-
duced equation excluding all of the material categories.

The variables, original slope, terrace height, and
submergence percentage were all transformed to loga-
rithms. In the case of submergence percentage,
preliminary studies indicated that the logarithm trans-
formation would be more highly correlated than the
equivalent angle transformation used before. Ground
water was defined as 0.1 for high ground water and 0
for low ground water.

The reduced discriminant function and the summary
of the analysis of variance is given as follows:
(y=0.0216247 log z;+0.00334811 log z,+40.00944030 log zs
+0.00673126 z,)
where

= Discriminant function
z;=_Original slope
z,==Submergence percentage

z3=Terrace height

zy=Ground water (high=0.1) (low=0)

SUMMARY OF ANALYSIS OF VARIANCE FOR THE DISCRIMINANT
FUNCTION

Analysis of variance

Degreesof| Sums of Mean
Source of variation} freedom | squares square S-test Significance
Total . ..._____ 319 0. 001519
Between groups.__ 4 0. 006076 .0000277 | 54.90 | Highly significant.
‘Within groups. ... 315 .008715 | [ooaooo.

Coefficients of the discriminant function and their standard errors

Variable Coefficient | Standard | ¢-test Significance
error
Original stope..._ ... —0. 021625 0.001531 | 14.12 | Highly significant.
Submergence___ - . 003348 . 000791 4.23 Do.
Terrace height.._. - . 009440 . 001234 7.65 Do.
Ground water. . 006731 . 00988 6.82 Do.
Norte.—Degrees of freedom=315 {=2.6 for P=0.01

The high degree of significance between groups may
be interpreted to mean that the variables taken to-
gether are related in some manner to slope stability.
The fact that the ratios of the coefficients divided by
their standard errors exceed the value of () for a 1
percent probability warrants the judgment that each of
the 4 variables is related to slope stability in such a way
that prediction of potential landslide conditions is
possible.

USE OF THE DISCRIMINANT FUNCTION

The discriminant function may be used to differen-
tiate stable from potentially unstable slopes where any
combination of values of the four variables exists. Cal-
culations of the discriminant functions for the 320
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landslides and stable slopes gave values ranging from
—0.0019 to +0.0404.

In general, the lower values of the discriminant func-
tion represented stable slopes, and the higher values
represented landslides. Less than one percent of the
landslides had a discriminant value below a theoretical
value of 0.0106; consequently, it will be safe to judge
that a slope will not be affected by sliding if its discrim-
inant value is below this level. Less than 5 percent of
the landslides had a discriminant value below 0.0142;
consequently, it will be relatively safe to judge that a
slope will not be affected by landslides if its discrim-
inant value is below 0.0142.

The mean value of the discriminant functions for the
two categories was

v

Landslides - - - _ ____________ . 0. 02282
Stable slopes . _ - ... . 01411
Midpoint value____ . ____________ .. 0. 01846

In theory, when the diseriminant function is less than
the midpoint 0.01846, the slope will be classified as
stable, and when the discriminant function is greater
than 0.01846, the slope will be classified as unstable.
The difference between either mean and the midpoint
is 0.00435. From the analysis of variance the standard
deviation is 0.00526. The ratio of the difference to the
standard deviation gives a value of

.00435

t="00526

=0.827 for 315 degrees of freedom

From standard tables of Student’s ¢ a value of 0.827
is exceeded about 21 percent of the time. Approxi-
mately 21 percent of slides will have discriminant values
below the midpoint 0.01846.

Table of actual frequences of landslides and stable
slopes for various levels of the discriminant function:

Frequency
Frequency  of stable

Class limits for discriminant function of slides slopes Total
—0.0051-0.0000 - - - - <o eeeee 5 5
0.0001-0.0050 - -~ - e 10 10
0.0051-0.0100_ - .o 21 21
0.0101-0.0150. 2 47 49
0.0151-0.0200- - 39 51 90
0.0201-0.0250 75 22 97
0.0251-0.0300_ - oo 41 4 45
0.0301-0.0350_ ) 1
0.0351-0.0400_ _ e mm e 0
0.0401-0.0450. . R 2

Total. e e 160 160 320

Although there is much overlapping of discriminant
values for slides and stable slopes, there are clear-cut
levels where nearly all values represent landslides and

‘other levels where nearly all values represent stable

slopes.
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The use of the midpoint value of the discriminant
function 0.01846 as a theoretical dividing line between
landslides and stable slopes results in the following
misclassification:

Landslides classified as stable slopes___________________ 15
Stable slopes classified as landslides_ _ _ . _______________ 41
Total miselassifications. .. ____________________ 56

Theoretically the misclassification in either direction

should be equal. A chi-square test of significance gives
a value of
x?=15.9 degrees of freedom=1

According to tables of x* (see references under heading
“Statistical techniques,”” p. 69) a value of 15.9 will occur
by chance less than 1 percent of the time. It is judged,
therefore, that the discriminant function misclassifies
stable slopes as slides more frequently than it mis-
classifies slides as stable slopes. Since an important
use of the function is to identify stable slopes, the dis-
criminant function may err somewhat on the conserva-
tive side.

The value of ¢ for 315 degrees of freedom and a prob-
ability of P=0.01 in one direction is

1=2.326
Multiplying by the standard deviation
st=(0.00526) (2.326)=0.0122

The mean value of the discriminant function for slides
is

7=0.0228
and

Z—8t=0.0106 lower limit of the discriminant function
for slides

RESULTS OF EXPERIMENT

Of the 160 slopes selected for stability studies, anal-
ysis by the discriminant function method indicated
that: 39 were very stable, having discriminant function
values of 0.0106 or less; 36 were relatively stable, having
discriminant function values between 0.0106 and 0.0142;
85 were likely to be affected by landslides, having dis-
criminant-function values above 0.0142.

Of the 39 locations judged to be very stable because
of the low value of the discriminant function, the 5
listed below have the steepest slopes. The data for
the locations indicate that low values of submergence
percentage, terrace height, and ground water counter-
balance the steepness of the slope to such a degree that
the slope is stable. The photograph, figure 40, shows
a slope judged to be very stable, and the photograph,
figure 41, shows a slope judged to be relatively stable.
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Five stable slopes with steepest measured slope
[LM, lake mile; RB, right bank; LB, left bank]

Diserim- | Submer- | Terrace
Slope Original | inant gence height | Ground
No. Location and area slope value | (percent)| (feet) water
9| LM 82RB
Swawilla Basin_... 2.8 0. 0105 8 65 | Low
122 | LM 64.7 LB
Hunters-Nez
Perce__ .. _ooocaoo_. 2.8 .0097 10 50 | Do.
43 LM 27.5 RB
Helgate-
‘Whitestone.......- 31 . 0106 5 100 | Do.
69 | LM 43.7LB
Fort Spokane. ... 3.3 . 0056 0 60 { Do.
38 | LM 239 RB
Hellgate-
‘Whitestone_._._... 4.3 . 0104 50 90 | Do.

Of the 85 locations judged to be susceptible to land-
sliding due to the high value of the discriminant funec-
tion, the 5 listed below have the highest values. The
photograph, figure 42, shows a slope judged to be
susceptible to sliding.

Five stable slopes most likely to be affected by sliding
[LM, lake mile; RB, right bank; LB, left bank]

Discrim- | Submer- [ Terrace
Slope Original | inant gence height | Ground
No. Location and area slope value | (percent)| (feet) water
99 | LM 51.5 RB
Ninemile_._....... 2.5 0. 0286 58 400 | High.
24 | LM 19.0 RB
Keller Ferry. ... 1.8 .0278 50 220 | Low.
17| LM14.7LB
Swawilla Basin_.__ 15 . 0254 30 370 | Do.
64 | LM 41.5 RB .
Fort Spokane__..__ 2.9 . 0246 30 270 | High.
50 | LM 34.6 LB
Hawk Creek._..___. 1.4 . 0245 24 275 | Low.

APPLICATION OF LANDSLIDE AND SLOPE STABILITY
DATA

By Frep O. Jones and DANIEL R. EMBoDY

Application of the methods and techniques developed
in this research may contribute to the practical useful-
ness of geologic studies of land stability. The relatively
uniform physical setting along the upper Columbia
valley not only provided an opportunity to develop new
geostatistical techniques for such studies but also
presented an ideal opportunity to apply and test the
results. This section illustrates the way these data may
be used to identify potential landslide areas and
estimate the extent of impending landslide action.

The most immediate application of this study should
be in land utilization along Franklin D. Roosevelt Lake
and Lake Rufus Woods. In future land acquisition
programs along these lakes, both the Bureau of Recla-
mation and the Corps of Engineers may be better able
to determine just how much land needs to be withdrawn
from public use and just how much is safe for public use.
In managing federally owned lands along Franklin D.
Roosevelt Lake, the National Park Service may use
these methods in its administrative decisions. When
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ESTIMATION OF LANDSLIDE EXTENT IN THIS AND SIMILAR
GEOLOGIC SETTINGS

An understanding of gelolgic and physiographic rela-
tions is fundamental to the estimation of landslide
extent and to a practical application of the landslide
data assembled in this report. The first step in apply-
ing the landslide data should be to determine the dif-
ferent types of landslides which could occur in a par-
ticular geologic setting, as in most places more than one
type may occur. Examination of the mean and maxi-
mum HC:VC ratios for these groups will provide a
basis for judging the average and maximum depths to
which a slide of any of the different types will cut. If
the slump-earthflow slide is the type having the greatest
possible HC:V( ratio, the formula in the preceding
section may be used to estimate how far a landslide
might cut back from the toe of the slope. The formula
cannot replace competent, experienced judgment, but
it should aid in arriving at appraisals which have more
basis in fact than a guess.

GENERAL APPLICATION OF METHODS

The system of collecting and assembling field data
employed here may be useful in landslide investigations
in other geologic settings. The statistical techniques
of testing geologic classifications and of combining
quantitative and qualitative variables in the develop-
ment of numerical formulas may prove effective in
other landslide areas. Statistical methods similar to
those developed in this landslide study should produce
worthwhile results in other fields of geologic engineering
research.

ILLUSTRATIONS OF APPLICATION OF LANDSLIDE AND
SLOPE STABILITY DATA

To illustrate the practical application of the slope
stability and landslide data, detailed landslide classi-
fication studies were made of lakeshore land in the
Ninemile area along Franklin D. Roosevelt Lake and in
the Alameda Flat area along the reservoir behind Chief
Joseph Dam. The classification of the Ninemile area
(pl. 3) is presented according to sections of the lake-
shore which have a constant geologic setting. Some of
the anslyses are based upon only a specifically selected
profile location, whereas others are based upon com-
posite data where several hundred feet of the lake banks
have similar conditions. The classification data for
the Alameda Flat area (pl. 6) is presented in tabular
form (table 5).

Research investigations did not provide data to
predict when any specific potential slide area will
slide, and it seems doubtful they ever could. The
following classifications were made on the premise that
in land-use problems we are concerned only with areas
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which may fail in the foreseeable future—which future
might be defined as the next 50 to 100 years. From a
theoretical standpoint, landsliding may continue until
all of the surficial deposits are removed from the rock
valley of the Columbia, but consideration of time meas-
ured on the geologic scale was not thought to be a
practical premise for the landslide classification.

Where landslides are likely to affect the lakeshore
land under prevailing conditions, the estimated maxi-
mum extent of landslide action is shown on the maps
by a line designated A. This is an estimate based on
the best available data and applies to conditions of
maximum submergence by the reservoirs involved. In
certain areas the lakeshore land is suitable for develop-
ments such as irrigated farming, which could change
ground-water conditions from low to high. A study
has been made in these areas of the probable extent of
landslide action under these postulated changes. This
estimate of maximum landslide action is shown by the
line designated B.

Two mimeographed computation sheets were used in
the fieldwork—one for the prediction of slope stability
by the discriminant-function method, and one for the
prediction of HC:V(C ratio of slump-earthflow land-
shdes where it was applicable. Samples of both sheets
are shown below. All computations were made with a
slide rule in the field at the time of examination and are
considered sufficiently accurate for the use to which
they were put.

NINEMILE AREA (FRANKLIN D. ROOSEVELT LAKE)

The following is a detailed description of a landslide
classification on the shoreland along Franklin D.
Roosevelt Lake in the Ninemile area using the data
and guiding formulas developed in the landslide and
slope stability research. To aid in following the de-
scription, the reader is referred to plate 3. The classi-
fication begins at lake mile 49.7 on the left bank and
extends uplake along the left bank to lake mile 55.25.
It then begins at lake mile 49.7 on the right bank and
extends to lake mile 55.25.

Lake mile 49.7 to 60.3 left bank.—The lakeshore land
in this section consists of a broad terrace which has a
surface altitude of 1,900 feet. The scarp of the ter-
race has been cut into a series of alternating ridges and
alcoves by ancient landslides and subsequent erosion.
Materials of the lower part of the terrace are predomi-
nantly silt and clay of material category 1; materials
of the upper 200 to 400 feet of the terrace are princi-
pally sand and gravel. Exposures of bedrock in the
area suggest that ancient sliding may have been limited
or controlled to some extent by bedrock. The ancient
sliding was of the slump-earthflow type, and several
small recent slump-earthflow slides bave cut into the
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Example of slope stability field sheet
P P Sheet No. 5
Date 8/18/54

CoLuMBIA RIVER LANDSLIDE PROJECT, WASHINGTON
Computation sheet for predicting slope stability (by the discriminant-function method)

Location. Ninemile area, lake mile 53.5 right bank
Formula. Y =—0.021625 log X,+0.003348 log X,-+0.00944 log X3 0.006731 X,
where
Y =the discriminant function

X,=original slope

X,=submergence percentage

X;=terrace height

X,=ground water: high=0.1 low=0,

Transforma- Transformed

Variable Numerical value tion value _ Regression coefficient Product
X, Original slope 20:1 Log 0.301 —0.021625 —0.0065
X, Submergence percent-
age 85 Log 1.930 .003348 .0065
X; Terrace height 270 Log 2.430 .009440 .0229
X: Ground water low=0 None 0 .006731 (]
.0229

Should ground water be changed from low to high the discriminant-function value would be
0.0296

Slopes having discriminant-function values of 0.0106 or less are very stable.

Slopes having discriminant-function values of 0.0106 to 0.0142 are relatively stable.

Slopes having discriminant-function values of above 0.0142 are likely to be affected by land-
slides.

Types of landslides which could develop in this geologic setting slump-earthflow

Remarks: Terrace surface is smooth and favorable for development.

Example of HC:VC field sheet
Sheet No. 5
Date 8/18/54

CorumBIA RIVER LANDSLIDE PROJECT, WASHINGTON

Computation sheet for predicting HC:VC ratio of landslides (slump-earthflow type)

Location. Ninemile area, lake mile 53.5 right bank
Formula. =—0.6328+0.2460 X;—1.4121 X, 7.5583 X;4-1.0338 X,+0.4015 X;

where
Y=log HC:VC ratio of slide
X,;=submergence percentage (equivalent angle)
X.=1log of original slope
Xi=(X,+1),/10
Xi=ground water (takes value of 0.0 for low and 0.1 for high)
Xs=materials. Takes numerical values as follows:
1=+40.1
2,38, & 4=0
5=—0.1
A Transforma- Transformed Regression
Variable Numerical value tion value coefficient Product
X, Submergence 85 Equivalent 0.672 0.2460 0.165
percentage angle
X, OrE%inal )slope 2.0 Logarithm .301 —1.4121 —.423
inear,
X3 Original slope (14-0.8301) (1+1og)? 170 7.5583 1.285
(quadratic) 10 10
X: Ground water Low=0 None (] 1.0338 0
X5 Materials #2=0 None (] .4015 0
Intercept —.6328
.394
Y=Predicted HC:VC 0.394 2.5
95% confidence limit constant .134

Upper limit of HC:VC ratio .528 3.4
ihé)uld ground water be changed from low to high, upper limit of HC:VC ratio would be

Remarks: Under present ground water conditions it is estimated that slides could
cut bac!: 4'00 feet from lake shore. If ground water conditions were changed to high
due to.irrigation or other causes, slides may cut back 760 feet from lakeshore.
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banks. Slope-stability studies of the lakeshore land
from an altitude of 1,300 to 1,400 feet gave discrimi-
nant-function values ranging from 0.0166 to 0.0269,
which indicate that all of the lakeshore land is likely
to be affected by sliding.

A composite study of slope stability considering the
lakeshore land from the lake to the top of the high
terrace gave a discriminant-function value of 0.0194.
Basic data were: slope, 3.9:1; submergence, 25 percent;
terrace height 810 feet; ground water, low. Of the
160 slump-earthflow landslides studied in the statis-
tical work only 2 had original slopes as gentle as 3.9:1,
and these were located where water conditions are nat-
urally high. These data and the suggestion that the
ancient sliding may have been limited by bedrock lead
to the conclusion that future sliding in the area should
be considered only insofar as it affects the land at lower
altitudes. The broad high-level terrace is favorable
for developing irrigation farming. Should ground-
water conditions be changed to high because of this or
other developments, sliding may extend to about the
present front edge of the terrace. Sliding has devel-
oped at other places similar to this where terraces have
been irrigated, but in no place has it been observed to
cut far back into the terrace surface. The B-line on
the map delineates the possible extent of sliding under
such postulated changed conditions.

At lower altitudes on the irregular terrace scarp, the
type of landslide expected in this setting is the slump
earthflow. A slope-stability study of the area at lake
mile 49.7 left bank gave a discriminant-function value of
0.0225, and the HC:V( prediction formula indicated
that slides in this area may cut back as far as 750 feet
from the present lakeshore. Basic data were: slope,
2.13:1; submergence, 65 percent; terrace height, 310
feet; ground water, low; material category, 1.

A slope-stability study in the small bay at lake mile
49.8, which has a spring area just above it, gave a
discriminant-function valve of 0.0269. Basic data
were: slope, 2.85:1; submergence, 75 percent; terrace
height, 350 feet; ground water, high.

A similar study of the area between lake mile 49.85
and 50.0, left bank, resulted in a discriminant-function
value of 0.0204, and the HC:V( prediction formula
indicated that slides may cut back as far as 975 feet
from the lakeshore. Basic data were: slope, 2.56:1;
submergence, 64 percent; terrace height, 310 feet;
ground water, low; material category, 1.

A composite slope-stability study of the area at lake
mile 50.15 left bank gave a discriminant-function value
of 0.0166, and the prediction formula indicates that
slides may cut back as far as 650 feet from the present
lakeshore. Basic data were: slope, 2.2:1; submergence,
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5 percent; terrace height, 200 feet; ground water, low;
material category, 1.

From these data the A-line was drawn on the map
to outline what is the maximum extent to which land-
slides are likely to cut into this area under present
conditions.

Lake mile 50.8 to 52.5 left bank.— Along this section of
lakeshore, slopes are gentle both above and below full
lake level. The materials are silt, clay, sand, and gravel
disturbed by ancient landslides or glacial processes.
Slope-stability studies indicate that landslides are not
likely in this section under present conditions. Should
ground water be increased from low to high by irriga-
tion of the lakeshore land or other developments, the
slopes will probably remain stable.

Summary of four slope-stability studies

Location (1ake mile, Submer- Terrace Ground Discrim-
left bank) Slope gence height water inant
(percent) (feet) function
50.4_ - 5.7 42 120 | Low..____ 0. 0087
. 7.7 23 130 |..-do_______ L0121
3.7 75 |--_do_...___ . 0082
4.6 53 150 [...do___.... 0120

Wave banks are not present between lake mile 50.3
and 51.3, but they range in height from 2 to 10 feet
between lake mile 51.3 and 52.5.

Lake mile 52.5 to 563.55 left bank.— The lakeshore land
along this section has a rolling surface which ranges
from 20 to 90 feet above lake level. The topography
probably reflects ancient landsliding or glacial proc-
esses. Exposures along the entire section show dis-
torted and disturbed silt and clay mixed with varying
amounts of sand and gravel. For convenience the
area will be described in two parts—the lakeshore land
paralleling the lake, and that part along the bay at
lake mile 53.55.

Nearly all the lakeshore land paralleling the lake has
been cut by landslides. Six of the slump-earthflow
landslides included in the research study are in this
stretch. The following table gives a summary of the
slope stability and HC: VC data of those six slides:

Summary of the slope stabilily and HC:VC ratio

Sub- Dis- Pre-

Mate- |Ground| Ter- | mer- crim- | Actual | dicted

Landslides { rial | water hniw?l ¢ g(exwe Slope %nant HC:VC gll?lg

e T- une-

¢ oepgt) tion HC:VC
52.6. 2 | Low.. 100 10 1.8 | 0.0167 2.4 2.4
52.7. 2 |.-.Do_. 140 64 2.1 .0193 2.3 3.2
53.1. 2|...Do.. 150 80 1.8 .0214 2.3 3.0
53.2. 2 |---Do.. 110 82 1.7 . 0207 3.3 3.0
53.4. 2 |...Do.. 80 62 1.8 0185 2.0 2.8
53.5 2 [...Do_. 120 76 2.7 0166 3.0 3.9

The discriminant-function value of each landslide indi-
cated that the lakeshore land would be affected by
sliding. Only one landslide, at lake mile 53.2, has cut
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back farther than the HC:V( prediction formula indi-
cated it would.

These slides all occurred soon after the lake was filled.
Beach erosion and caving are tending to waste the points
of land between them, and the banks are steeper than
they were originally. The landslide material tends to
flatten out on the bottom of the lake and has little effect
of loading the toe area or of creating a more gentle slope.
For these reasons it is believed that as the shoreline be-
comes straightened by erosion and sloughing, conditions
conducive for another series of landslides will form.
Consequently, the A-line on the classification map has
been drawn, using the HC: V( prediction formula and
then doubling the computed distance slides may cut
into the bank. The tabulation below gives the esti-
mated distances landshdes may cut in the foreseeable
future. An estimate has also been made of the distance
back slides might cut if ground-water conditions were

increased from low to high.

Distance from shore
Distance from present landslides may cutif

shoreline landslides ground water i8 in-
Location may extend creased to high
(lake mile, left bank) (A-line) (B-line)
300 375
330 415
310 380
100 140
320 400
280 380

Small landslides have cut the banks of the bay at
lake mile 53.55 from its mouth to points.on both banks
about 540 feet from the opposite end. Near this end
slopes become more gentle and submergence becomes
less, so a study was made to determine whether the
banks in this area are likely to fail. A composite
slope-stability study was made on the right bank 250
feet from the end and on the left bank 300 feet from
the end. The discriminant-function value was 0.0107,
which indicates that under present conditions the banks
are very stable. Should the ground-water conditions
be changed to high, the discriminant-function value
would be 0.0174, which indicates the likelihood of
slides. Basic data: slope, 2.35:1; submergence, 33
percent; terrace height, 30 feet; present ground-water
condition, low; material category, 2.

Slope-stability and HCO:VO studies were made on
both sides of the bay to determine the probable extent
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of landslide action in the outer part of the bay. The
classification data and results are:

Sub- | Ter-
mer- | race | Ground |Mate-| Discrim- HC:VC
Location Slope | gence |height] water | riel | inant |(HC:VC| (high
(per- |(feet) function ground
cent) water)
440 ft from end
of bay on
right bank... 1.8 60 50 | Low.__. 2 | 0.0164 2.8 3.5
700 {t from end
of bay on left
bank_..___.__ 1.65 44 57 |---do___. 2| .0174 2.4 3.1

At the location 440 feet from the end of the bay on
the right bank, slides under present conditions may af-
fect the land 90 feet back from shore. If ground-
water conditions were changed to high, they could affect
the land 125 feet back from shore. At the location
700 feet from the end of the bay on the left bank,
slides could cut back 85 feet under present conditions
and 125 feet under high ground-water conditions.

Lake mile 63.56 to 64.42 lefu bank.—Slopes both
above and below water along this section are very gen-
tle and studies indicate that they will not be affected
by landslides. A measurement at lake mile 53.6 gave
a slope value of about 10:1, and no landslides have oc-
curred in the surficial deposits in the area on so gentle
a slope. A slope-stability study by the discriminant-
function method at lake mile 54.0 gave a value of
0.0127, which indicates a mnearly stable condition.
Basic data: slope, 2.8:1; submergence, 29 percent; ter-
race height, 70 feet; ground water, low. A study at
lake mile 54.35 gave a discrimimant-function value of
0.0126 with basic data as follows: slope, 3.9:1; sub-
mergence, 42 percent; terrace height, 120 feet; ground
water, low.

Lake mile 54.42 to 65.25 left bank.—The lakeshore
land in this section consists of broad ridges and steep-
sided valleys alined normal to the lakeshore. Slope-
stability studies indicate that this area is likely to be
affected by landslides, and a few minor ones have al-
ready occurred. The type of slides most likely to cut
these banks is the slump earthflow. At the upstream
end of the section they may be limited by bedrock or
slides off bedrock may occur.

The following is a summary of three slope-stability
studies which have been used as guides in drawing the

Summary of three slope-stability studies

HC': VC under pres-| HC: VCunder wet
ent ground-water ground-water con-
Location Slope Submergence |Terrace height| Ground water { Material | Discriminant | conditions and dis- |ditions and distance
(percent) (feet) function value| tance back from back slides might
shore slides might cut (feet)
cut (feet)
Lake mile 54.45-54.55__ ______ 2.2 30 100 | Low-.___ 4] 0.0164 2. 9-180 3. 6-250
549 _ _____________ 3.3 25 200 |.__do__.__ 4 . 0149 3. 9-600 5. 0-900
55.05-55.27_ . ______ 3.0 28 320 (.__do____._ 4 . 0181 3. 6-1, 050 4, 6-1, 400
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line on the classification map which delineates the area
of potential landslide danger under present conditions
and under high ground-water conditions should they be
changed by developments in the area.

Lake mile 49.7 to 50.33 right bank.—The bank in this
section is a steeply dipping bedrock surface which is
covered thinly in places with talus and slope wash.
Bedrock gullies contain minor accumulations of sand
and gravel mixed with bouldery slope wash. There
have been minor talus slides and one small rock slide
along this section. Additional slides of this type will
occur but they are insignificant in relation to land use.

Lake mile 50.33 to 50.70 right bank.—In this section
the lakeshore land with which we are concerned consists
of two small areas of surficial deposits resting against
steeply dipping bedrock. A slope-stability study of the
larger area (lake mile 50.33 to 50.55) gave a discrimi-
nant-function value of 0.0200. Basic data: material,
category 2; disturbed silt and clay; original slope,
2.85:1; submergence, 61 percent; terrace height, 330
feet; ground water, low. These data indicate that the
point is likely to be affected by slides. Three types of
slides may develop in this setting—slump earthflow,
slump earthflow limited by bedrock, or slides off bed-
rock. Using the prediction formula for slump-earth-
flow slides, it was determined that the HC':VC may be
as great as 3.9:1, which would cut back into the terrace
700 feet from shoreline. This is about 100 feet from
the bedrock line when measured at the broadest part
of the terrace point. It seems more likely that if
failures occur, a part of the surface of rupture will
follow bedrock; consequently, the entire area of sur-
ficial deposits is likely to be affected by slides.

A slope-stability study of the smaller terrace point
between lake mile 50.55 and 50.70 gave a discriminant-
function value of 0.0171, which indicated that it also
may be affected by slides. Slides off bedrock seem
most likely here, as they did in the larger terrace point.
Thus the entire section is likely to slide into the lake.

Lake male 60.7 to 51.1 right bank.—The lake bank
along this section is steeply dipping bedrock covered
thinly in places with talus accumulations. Minor talus-
slump landslides may occur, but they would not affect
use of the lakeshore land.

Bay at lake mile 51.05 right bank (lake mile 61.1 to
51.25), including Ninemile Bay.—Lake banks along
this area are alternating sections of steeply dipping
bedrock and thin patches of surficial deposits of silt,
clay, and sand resting on bedrock. Landslides have
cut the highway in two places. Future landslide action
will be of the following types: slides off bedrock, slip-off
slopes, and slump earthflows limited by bedrock. All
the surficial deposits in this section are expected to be
affected by slides from lake level to the A-line on the
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map. Bedrock areas will be free of slides generally,
but small areas of silty and clayey slope wash mixed
with talus and rubble will fail.

Lake male 51.25 (silt-bedrock contact on left bank of
Nenemile Bay) to 61.8 right bank.—The lakeshore topog-
raphy in this section contains the finest example of an
ancient multiple-alcove slide found in the entire invest-
igation. The slide overlies the deep preglacial channel
of Ninemile Creek. Materials are principally silt and
clay of material category 1. Ground-water conditions
are high. Sections of the surface of rupture of the
ancient slide can be observed in new wave banks and
minor recent slides along the shore. The high-level
position of this part of the surface of rupture suggests
that the slide occurred before the Columbia River had
cut down to its present level. The probable base of
this old slide is at an altitude of 1,360 feet, or 70 feet
above maximum lake level. The river channel, which
averages 220 feet below maximum lake level, follows
close to this bank. Some new sliding of the slump-
earthflow and slip-off slope types has already taken
place. Slope-stability studies indicated that the entire
area is likely to be affected by future sliding. A study
of a part of the material within the slide scarp at lake
mile 51.5 gave a discriminant-function value of 0.0286.
Basic data: material category, 1; ground water, high;
slope, 2.5:1; terrace height, 400 feet; submergence, 58
percent.

A slope-stability study of the entire terrace taken
through the center of the ancient slide resulted in a
discriminant-function value of 0.0217. Basic data:
material category, 1; original slope (generalized), 6.2:1;
submergence, 29 percent; terrace height, 820 feet;
ground water, high.

There may be either slump-earthflow or new multiple-
alcove landslides in this setting. On the average,
multiple-alcove slides have a much larger HC: VC ratio
than the slump earthflow and, consequently, the pre-
diction formula cannot be used to estimate the extent of
landslide action. The average HC : VC ratio of the 9
multiple-alcove slides measured was 5.9:1 The ancient
multiple-alcove slide (133) in the Ninemile terrace has
a measured HC : VC ratio in excess of 9.2:1. (See table
4) Neither of these ratios seems realistic in estimating
how far new slides could cut. It seems likely, however,
that new major sliding in which the foot of the slide is
lower than the ancient one might tend to rupture along
the same general scarp at higher altitudes. Following
this reasoning, the A-line delineating potential-
landslide action was drawn on the map.

Lake mile 51.8 to 52.76 right bank.—An area of ancient
landslides which extends to an altitude of 1,925 feet
makes up the shoreland topography along this section.
The area is thought to be underlain by channels in the
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bedrock which extend beneath the broad fill in the
Ninemile Creek valley. Ancient sliding seems to have
been of the slump-earthflow and multiple-alcove types.
There is one recent slump earthflow at lake mile 51.8 to
52.0. Surface materials are disturbed silt and clay of
material category 2, but at depth and a short distance
back in the terrace at an altitude of 1925 feet, materials
are regarded to be in about their original position of
deposition, or in category 1.

Slopes which have been studied between lake mile
51.8 and 52.1 range from 0.7:1 to 4.3:1. The under-
water slope is extremely steep down to the old riverbed,
a depth of 220 feet. The slopes are somewhat more
gentle between lake mile 52.1 and 52.75, and the water
depth is about 110 feet down to a submerged terrace.

A slope-stability study at lake mile 51.95 gave a
discriminant-function value of 0.0401. Basic data:
material category, 2; ground water, high; original slope,
0.7:1; submergence, 63 percent; terrace height, 350
feet. The predicted value of HC:VC ratio of a slump-
earthflow landslide at this point would be 3.10:1.
Thus a slide would extend 800 feet behind the present
shoreline.

A slope-stability study in the small bay at lake mile
52.2 showed the discriminant-function value to be
0.0149. The HC:VC prediction formula here indicated
that a slide could cut back on a slope of 4.6:1, or 100
feet from the back of the bay. Basic data: original
slope, 2.5:1; submergence, 72 percent; terrace height,
70 feet; ground water, low; material category, 2.

A composite slope-stability study was made of the
section between lake mile 52.3 to 52.65. The discrim-
inant-function value was 0.0154. The predicted
HC:VCratio was 4.75:1, which indicates that landslides
could cut back 420 feet from the shore. Basic data:
material category 2; ground water, low; submergence,
71 percent; original slope, 3.4:1; terrace height, 155
feet. A study was also made of HC:VC ratio should
ground water be changed from low to high, and it was
5.9:1. In plotting these data to determine the distance
back from shore the slide could cut, it was found that
this slope did not intersect the upper surface of the
lower terrace made up of landslide debris, but passed
into the upper terrace at an altitude of 1,925 feet before
intersecting the surface. At this point a study was
made of the stability of the high terrace, using a gener-
alized slope, from altitude 1,925 to the toe of the scarp
at the bottom of the lake. Using an original slope of
4.3:1, submergence, 15 percent, terrace height, 740 feet,
and low ground water, the discriminant-function value
was 0.0162, or 0.0020 above the mathematical dividing
line between relatively stable slopes and slopes which
are likely to be affected by slides. Should ground-
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water conditions be changed to high, the discriminant-
function value would be 0.0229.

Slides will not affect the upper terrace under present
ground-water conditions; consequently, the A-line
delineating the anticipated extent of landslides in this
area was drawn from the three studies of land at lower
altitudes. It seems entirely possible, however, that
development of tbe broad Ninemile terrace behind this
potential-slide area could change ground-water condi-
tions to high and induce sliding which would extend
from the lake to the terrace surface.

A study of the probable HC:V( ratio of slump-
earthflow slides showed that they might extend back
from the present lakeshore as much as 4,500 feet, or
on a ratio of 6.6:1. This is an even larger ratio than
the average for multiple-alcove slides of 5.9. Both
types have occurred here, and it seems likely that
under high ground-water conditions and new submer-
gence conditions they could recur. The B-line delin-
eating the possible extent of slides under these condi-
tions was drawn from these data and reasoning.

Lake mile 52.75 10 63.6 right bank.—Lakeshore land
here consists of a gentle sloping terrace just above
maximum lake level. Its surface ranges from an alti-
tude of 1,290 feet at shoreline to 1,400 feet at a distance
of 1,000 to 1,500 feet back from the shore. The shore-
line is indented by several small bays which extend
back from the main shoreline 200 to 350 feet. Mate-
rials comprising the terrace are principally silt and clay
which are distorted and disturbed due to ancient land-
slide action or glacial processes or both (category 2).
Slopes of the terrace scarp which are mostly submerged
range generally from 2.0:1 to 3.5:1. Between lake
mile 53.25 and 53.60 the terrace scarp slopes generally
to the old river channel or to a depth of 200 feet.
Between lake mile 52.75 and 53.25 the terrace scarp
slopes evenly to a depth of 140 feet, the depth of an
underwater terrace.

A composite slope-stability study of the section
between lake mile 52.7 and 52.85 showed original slope,
2.32:1; submergence, 81 percent; terrace height, 155
feet; ground water, low. The discriminant-function
value was 0.0191, which indicates that the terrace may
be affected by landslides. The type of slide in this
setting which would have the maximum HC:VC ratio
is a slump earthflow. The prediction formula indi-
cates that the HC:V( ratio here would likely not
exceed 3.56:1 or cut back more than 290 feet from shore.
A study at lake mile 53.1 resulted in a discriminant-
function value of 0.0167. Predicted HC:V( ratio of a
possible slide was 4.75:1. Thus a slide would cut back
350 feet from shore. Basic data: material category, 2;
ground water, low; submergence, 97 percent; original
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slope, 3.1:1; terrace height, 155 feet. A study at lake
mile 53.5 resulted in a discriminant-function value of
0.0229 and a predicted HC:VC ratio of 3.4:1, which
indicates that slides could cut back as far as 400 feet
from shore. The A-line delineating the probable extent
of slide action was plotted on the map from these
three studies.

This terrace has a desirable lakeshore location. Its
smooth surface and nearness to a supply of water make
it seem favorable for an irrigated farm development;
consequently, the slide potential was studied, assuming
that such a development was made and that ground-
water conditions were to be changed from low to high.
The discriminant-function value at lake mile 52.75 to
52.85 would rise from 0.0191 to 0.0258; at 53.1 it would
rise from 0.0167 to 0.0234; at 53.5 it would rise from
0.0229 to 0.0296, which suggest a much greater likeli-
hood of landslide action with high ground water.

The HC:VC ratios and the distance slides would
likely cut back from the lakeshore are:

Distance slides

Predicted could cut back

HC:VC Jrom shore (feet)

Lake mile 52.7-52.85_ ____________ 4. 51 480
53.1. . 6.0 750

53.5. o .. 4.3 760

Using these data, the B-line was drawn on the map to
indicate the probable limit of potential slides if for any
reason ground-water conditions were changed from low
to high.

Lake mile 53.6 to 63.85 right bank.—In this section a
narrow strip of surficial material rests on a steeply dip-
ping bedrock surface. Minor sliding of the slump-
earthflow and slip-off slope type has already taken
place. Its extent has been limited in places by bed-
rock. The principal materials are disturbed and
distorted silt and clay, although above high-water
sand, gravel, and slope wash predominate. For slope-
stability studies materials were classified as category 2.

A composite slope-stability study was made of the
bank between lake mile 53.6 and 53.7. The original
slope was 2.40:1; submergence, 83 percent; terrace
beight, 205 feet ; ground water, low. The discriminant-
function value was 0.0191. A second composite study
was made from lake mile 53.7 to 53.85, with the fol-
lowing basic data: original slope, 2.06:1; submergence,
87 percent; terrace height, 240 feet; ground water, low.
The value of the discriminant function was 0.0289.
Both parts of the section are lilely to be affected by
future landsliding. The types of slides most likely in
this setting are slides off bedrock or slump earthflows
limited by bedrock. It was judged from these data

that the line delineating the extent of probable land- -

slide sction should follow the contact between surficial
deposits and bedrock.
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Lake mile 53.6 (altitude 1,600 feet) to lake mile §4.9
right bank.—Landslides have already cut into about
two-thirds of the shoreland between lake miles 53.6
and 55.0 and will likely affect the remainder. Slide
types in this section are multiple-alcove, slump-earth-
flow, slump-earthflow limited by bedrock, slides off
bedrock, and slip-off slopes. These slides cut into a ter-
race which averages 1,900 feet in altitude. Only the
multiple-alcove slide at lake mile 53.6 to 54.0 cuts into
terrace surface. This slide (145) enlarged in 1906
following the San Francisco earthquake, and slide
material partly dammed the flow of the river for about
45 minutes. This multiple-alcove feature is shown on
the geologic map (pl. 3) and on the Wilmont Creek
quadrangle map as ‘“The Slide.” Surficial materials
of the high terrace are silt and clay interbedded with
sand and gravel {material category 1). Openwork
gravel just above an altitude of 1,290 feet shows crack-
ing and crushing which suggest that a part of the terrace
has been overridden by ice. The terrace scarp between
lake mile 54.5 and 54.9 becomes less steep and joins a
lower terrace which has an altitude of 1,300 to 1,400
feet. The materials in this transition zone and in the
lower terrace are predominantly disturbed silt and clay
of material category 2. Bedrock projects through the
surficial deposits at several places but neither in suffi-
cient amount nor in a position to limit future land-
sliding. The slope of the terrace scarp ranges from
1.3:1 to 2.9:1. The old channel of the Columbia
River followed the toe of the terrace scarp at an alti-
tude of 1,900 feet between lake mile 53.6 and 54.6
where the water is about 225 feet deep. Water depths
along the terrace scarp lessen to 80 feet between lake
mile 54.6 and 54.9. Ground water is high in the
multiple-alcove slide area where there are many springs
and seeps. There are seeps and wet areas as high as 30
feet above maximum lake altitude between the upstream
edge of the multiple-alcove slide between lake mile
54.0 and 54.4. Above this, on the terrace scarp, are
patches of waterJoving vegetation.

Slope-stability studies indicated that all of this sec-
tion may be affected by future sliding. A slope--
stability computation at lake mile 54.3, where original
slope is 1.5:1, submergence, 30 percent, terrace height,
755 feet, and ground water is high, gave a discriminant-
function value of 0.0350. A computation at lake mile
54.84, where the slope is 2.9:1, submergence, 61 percent,
terrace height, 130 feet, and ground water is low, gave
a discriminant-function value of 0.0159.

This entire section of surficial deposits overlies an
area of preglacial channels in the bedrock. One of
these channels leads directly to the multiple-alcove
slide at lake mile 53.6 to 54.0. The remaining part of
the section is probably underlain by the preglacial chan-
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nel of Wilmont Creek. In this geologic setting, any of
the following types of slides may occur in the future,
and some form of all of them is presently recognizable—
multiple alcove, slump earthflow, slump earthflow
limited by bedrock, slides off bedrock, or slip-off slopes.

The type of slide which has the maximum HC:VC
ratio that may cut into this lakeshore land is the
multiple alcove, so for this type the formula for pre-
dicting the HC:VC ratio of slump-earthflow landslides
is of no assistance in judging how far back future slides
will cut.

Examination of table 8 showed that the average HC:
VC'ratio for multiple-alcove slides was 5.9:1 and that the
only recent slide of this type had a ratio of 6.2:1. Using
this as a guide, it was judged that slides in this area may
cut back as far as 6.0:1 from the toe of the terrace scarp.
At lake mile 53.8 the distance is 3,200 feet from the
shoreline; at lake mile 54.2 it is 3,000 feet; at lake mile
54.3 it is 3,300 feet. The line delineating the area of
potential landslides in this section was drawn on the
map from the above data.

Lake mile §4.9 to 55.25 right bank.—Slopes along this
section are generally similar both above and below lake
level. One small bay indents the shoreline. The
terrace, which averages about 70 feet in height, is sub-
merged 86 percent at full lake level. The terrace scarp
has an average slope of 5.7:1 except in the small bay at
lake mile 55.0 where slopes are more gentle. Present
ground-watei conditions are low. Materials in this
section are not exposed at full lake level, but exposures
examined during stages of lake drawdown revealed that
they are principally disturbed silt and clay of category 2.
A composite slope-stability study resulted in a discrimi-
nant-function value of 0.0071 which indicates that the
terrace is very stable. This section of lakeshore terrace
is favorable for developing irrigation farming.

A study was made to determine whether this section
would remain stable if ground-water conditions were
changed from low to high. This composite slope-
stability study resulted in a discriminant function value
of 0.0138, which indicates that the terrace would be
relatively stable. Wave-cut banks along the lake front
range from 3 to 8 feet in height. Wave-cut banks in
the small bay are minor.

GEOLOGY AND LANDSLIDE CLASSIFICATION OF THE ALAMEDA FLAT AREA
(LAKE RUFUS WOODS)

The Alameda Flat area of Lake Rufus Woods was
also selected to illustrate the practical usefulness of
the landslide and slope-stability research. The land-
slide-classification data are summarized on table 5.
The results of the classification studies are shown on
plate 6 and the geology of the area is discussed below.
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Bedrock of the Alameda Flat area is chiefly the
granite of the Colville batholith.

Interbedded till and angular basalt gravel are exposed
in secs. 7, 17, and 18, T. 30 N., R. 29 E. The till has
a matrix of sandy silt and is dark gray; stones in it
are predominantly basalt. Relations between the
deposit and the other map units are not known but
it is probably older, at least in part, than the fluvial
sand and gravel unit discussed below.

A fluvial sand and gravel is exposed in the bluffs
above the Columbia River between altitudes of 910
and 970 feet at the west end of the Alameda Flat
area. The gravel is composed of rounded pebbles and
cobbles in beds 2 to 4 feet thick that are foreset down-
stream. The stones are predominantly granite;
although a small percentage of basalt is present. They
are conspicuously fractured and crushed though gener-
ally unweathered. Coarse-grained to very coarse-
grained sand is interbedded in layers 6 inches to 10
feet thick; it is composed of unweathered fragments
of granite minerals. A few feet of undifferentiated
lacustrine silt overlies the fluvial deposit and immedi-
ately underlies the gravel surface on the 1,000-foot
terrace on the north bank at Mah-kin Rapids (pl. 6).

Lacustrine silt and clay is exposed in the bluffs
above the Columbia River and in the numerous trib-
utary gullies from river level to an altitude of 1,200
feet throughout most of the Alameda Flat area. Its
lower contact was not observed. The unit is com-
posed primarily of silt and clay in finely laminated
beds % to 2 inches thick. Varve structure generally
is not well developed though some grading is faintly
discernible. Between altitudes of 1,000 and 1,200
feet, fine and very fine sand is interbedded with the
silt and clay. The sand almost invariably occurs in
graded beds; those measured range in thickness from
3 to 27 inches. In bulk, these graded sand beds prob-
ably make up less than 20 percent of the deposit.
Ice-rafted pebbles are scattered throughout the unit.

In parts of the lacustrine deposit the bedding is
greatly contorted. The contortion is commonly con-
fined to layers several feet thick that are overlain and
underlain with sharp contact by undisturbed beds.
This deformation was probably caused by slump or
flowage on a lake bottom when the distorted material
formed the lake bottom.

A lacustrine sand that occurs between altitudes of
1,200 and 1,300 feet overlies the lacustrine silt and
clay unit with abrupt contact. The sand is composed
almost entirely of fine- and medium-grained sand in
beds 1 to 4 inches thick although thin beds and lenses
of coarse-grained sand are present in the deposit
between altitudes 1,280 and 1,300 feet in the extreme
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northwest corner of sec. 4, T. 30 N., R. 29 E. In con-
trast to the underlying sequence, the beds are undis-
turbed. The lacustrine sand is overlain, with erosional
contact, by the gravel of the 1,320- to 1,360-foot terrace
deposit. The upper surface of the sand deposit proba-
bly was never much higher than at present; only minor
erosion occurred during the deposition of the overlying
gravel.

Other surficial deposits in the Alameda Flat area
include channel gravel, alluvial-fan deposits, and wind-
blown sand. These deposits are included in one map
unit because contacts between them are not well ex-
posed. Channel gravel forms terraces at and below
1,400 feet and was deposited by the Columbia River
during postglacial dissection of the valley-fill deposits.
The gravel is a few feet to at least 70 feet thick and is
mostly of pebble size. Large areas of the terraces are
overlain by alluvial fans of sand and silt as much as 50
feet thick. Windblown sand that forms small dunes
and thin sheets also veneers the terrace deposits.

Some time after the cutting of the 1,120-foot terrace
in secs. 3 and 4, T. 30 N., R. 29 E. landslides occurred
along the scarp at the back of the terrace; the debris
of these slides forms long narrow ridges on the surface of
the 1,120-foot terrace.

STATISTICAL TECHNIQUES
By Danier R. EmMBoDY

In this investigation a particular group of landslides
was selected for study. Modern statistical methods
were used to solve the problems of indentification and
prediction. As far as the writers are aware, this in-
vestigation is one of the first attempts to study land-
slides by statistical methods. Very little recorded
experience has been available for guidance.

During this work many intuitive judgments were
made to obtain some of the answers. Only as later
investigators test these judgments in other situations
will their overall usefulness be appraised. This section
of the report discusses the overall experimental logic,
the statistical concepts employed, the assumptions
implied, and the interpretations drawn.

Statistical work was not begun until all the measure-
ments of the slides had been made and recorded. The
first attempts to analyze the data consisted of averaging
the HC: VC( ratios for the various classifications. From
preliminary analysis it appeared that a number of the
factors under study might affect the slides, and a series
of more comprehensive analyses were made. Grad-
ually the data were examined in greater detail until
the final analyses presented in the report were made.

The analysis of slides and stable slopes indicated that
both the occurrence of slides and their resultant HC: VO
ratio could be predicted. In drawing conclusions from
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the data an important factor is the reproducibility of
the field measurements. The uniformity experiment
was planned and executed to evaluate this reproduci-
bility.

ASSUMPTIONS MADE IN THE ANALYSIS OF VARIANCE

The assumptions, logic, and numerical details of the
commonly used statistical methods are described by
Davies (1954), Fisher (1946), Fisher (1947), Goulden
(1952), Kempthorne (1953), Mather (1943), Snedecor
(1946), Youden (1953). No attempt will be made in
this section to give numerical details.

Generally the statistical methods used in the land-
slide inquiry were specific applications of the general
technique of analysis of variance originated by R. A.
Fisher in the late 1920’s. Briefly, this technique pro-
vides a uniform pattern for designing experiments,
analyzing data, and making statements of probability
regarding certain hypotheses. Scientists in nearly all
fields have accepted the analysis of variance as a proper
basis for constructing the various judgments which are
the products of their inquiry.

For data to be analyzed properly by the analysis of
variance, a number of requirements must be fulfilled.
Complete statements of these requirements and the
consequences to be expected if they are violated are
given by Cochran (1938), Cochran (1947), and
Eisenhart (1947).

In the landslide investigations careful attention was
given to the data so that the requirements for analysis
could be met. In this section a brief summary of
requirements will be given so that the landslide data
and the validity of the analyses made may be discussed.

The three major requirements for experimental ob-
servations are as follows:

1. Experimental errors must be distributed normally.

2. Experimental errors must be uncorrelated.

3. Experimental errors must form a homogeneous dis-
tribution with a single variance.

For detailed definitions of the term ‘‘experimental

errors,” see Cochran (1938), Cochran (1947), and

Eisenhart (1947).

A fourth requirement is generally mentioned at this
point; namely, that the effects of the classifications
ground water and materials must be additive over the
range of the data. This factor is extremely impor-
tant and was the subject of a detailed test with each of
the landslide analyses. As will be noted, with each of
the analyses for the H(: VO ratio, a test for interaction
was made which indicated whether the treatments and
conditions were additive.

It is generally argeed that the requirement for nor-
mality of the experimental errors is the least important
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of the three. Except where departure from normality
is very large, the consequences can be ignored.

Correlation among experimental errors is a more
serious requirement. It can be seen that if the errors
for a particular treatment tend to be in one direction
(postively correlated) then part of the error will become
entangled with the treatment effect. As such, the
estimate of the treatment effect may be biased on the
high side, whereas estimate of experimental error may
be biased on the low side. The exact opposite would
be true if errors were negatively correlated; that is, if
one error in a series is associated with an error in the
opposite direction.

The requirement that the errors must form a single
homogeneous distribution with a single variance is also
a critical requirement. For the tests of significance to
be valid, this requirement must be fulfilled.

RECONCILIATION OF PROPERTIES OF FIELD DATA
AND THEORETICAL REQUIREMENTS FOR VALIDITY

Of the 12 combinations of ground water and material,
6 contained observations on 17 or more slides. The
table below shows the number of slides, the mean
HC:VC ratio, the standard deviation, and the low-
high extreme values.

Mean Lower Upper
Number HC:VC Standard extreme extreme
of slides ratio deviation observation observation
3. 35 0. 869 2.0 53
2. 55 . 764 1.5 3.8
2.22 . 753 1.1 4.3
2.22 . 592 1.5 3.8
2. 05 . 470 1.2 3.3
1. 84 . 344 1.3 2.5

The method by which the means and standard devi-
ations were calculated is described by Snedecor (1946,
p- 17-20).

Means are slightly but consistently nearer the lower
extreme in each of the six groups, indicating that the
data are not normally distributed. Standard devi-
ations are obviously correlated with means so that the
larger means have the larger standard deviations.
Thus, these rather primitive tests indicate that experi-
mental errors violate 2 of the 4 requirements listed and
statistical analyses made would not necessarily yield
valid results.

The question as to whether errors are correlated
cannot be examined simply. Correlation among errors
might arise from two causes: first, the observations may
not have been obtained in a random order and slow
changes in measurement techniques may have brought
about similar errors in adjacent slides; second, several
slides with almost identical measurements may fre-
quently occur side by side. Such slides may not be
independent, and the experimental errors may tend to
be correlated.

LANDSLIDES ALONG THE COLUMBIA RIVER VALLEY, NORTHEASTERN WASHINGTON

No formal randomizing was performed (except in the
uniformity experiment) in measuring the slides. How-
ever, some slides were measured and remeasured many
times. It is believed that by these repetitions in many
different orders, the methods of measurement were
applied without significant trends. The question of
the independence of adjacent slides must be left for
later investigations. It was judged, however, that the
effect was not serious.

The problem of heterogeneous errors was solved by
transforming the HC': V(' observations to base-10 log-
arithms. The logarithm transformation and the kinds
of situations where it is useful are thoroughly described
by Bartlett (1947) and Cochran (1938). Data for the
6 groups with 17 or more slides are converted to log-
arithms as follows:

Standard

Mean log Standard error

Number of slides HC:VC ratio deviation of estimate
17 . 0. 512 0. 113 0. 1040
22 .. . 388 . 132 . 0844
21 . 323 . 146 . 0956
39 .- . 333 . 111 . 0662
E 1 S, . 300 . 099 . 0884
21 = . 258 . 081 . 0534

The method by which the standard errors of estimates
were calculated is described by Snedecor (1946, p.
274-285).

The observations in logarithms showed no apparent
correlations between means and standard deviations.
To further examine the situation, the independent
effects of original slope, both linear and quadratic, and
submergence percentage were removed by regression
methods to give standard errors of estimate for each of
the six groups. No correlation between means and
standard deviations was apparent. It was judged that
the variances of the transformed data were substan-
tially equal.

Deviations from the upper and lower extremes of the
data converted to logarithms are shown for the six
groups:

Deviation to upper
exireme

0. 212

Mean log HC:VC
Deviation to lower exfreme ratio

0.211__ . _____ 0. 512

0.212__ 388 . 192
. 323 . 306
. 258 . 140
. 300 . 162
. 300 . 247

The means appear to be approximately at the centers
of the ranges. Of the 6 groups, 3 show larger deviations
on the high side and 3 show larger deviations on the low
side. The distributions of errors are substantially
symmetrical.

Since no previous experience with landslide data was
available upon which to draw, it was arbitrarily judged
that the experimental errors of the landslide data when
converted to logarithms were approximately normally
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distributed with equal variances. It was further judged
that the data transformed to logarithms could be prop-
erly analyzed and interpreted by the method of analysis
of variance.

In forecasting the HC:VC ratio the regression equa-
tion gives the logarithm of the HC:VC ratio. The
antilogarithm gives the geometric mean of the estimate
rather than the arithmetic mean. The writers made no
effort to convert to arithmetic means but recognize that
such a step might be desirable. Finney (1941) discus-

ses this problem for those who wish to study it in further
detail.

EXPERIMENTAL LOGIC, TESTS OF SIGNIFICANCE
AND PRECISION

Attention will now be directed toward the logical
patterns which were followed. In general, the experi-
mental logic as set forth by R. A. Fisher (1947) was
followed. In each analysis the problem at issue was
developed in specific terms to fit the pattern for the
analysis of variance. The null hypothesis became the
possible solution and the f-test provided the test of
significance. For a discussion of the concept of the
null hypothesis, the test of significance, and the basic
principles of inquiry, reference is made to the paper of
C. M. Mottley and Daniel R. Embody (1942).

The test of significance evaluates the probability that
our result (correlation, differences among means, and
other factors) could occur because of chance causes
alone. As a result of experiences by many scientists in
many fields it is customary to attach the term “signifi-
cant” to a result if it could occur by chance with a
probability of 1 to 20 or less. The term “highly signif-
icant” is attached to results where the explanation in
terms of chance causes is 1 to 100 or less. It is recog-
nized that these specifications are arbitrary conventions.

The test of significance is the evidence upon which the
scientific judgment is constructed. If the f-test shows
high significance, it becomes apparent that chance can-
not reasonably explain the results. If all other consid-
erations appear to be in proper form, then the scientist
makes the judgment that a real effect has in fact been
demonstrated. The judgment is based upon the test of
significance, but the scientist in charge must make the
judgment.

When significance but not high significance occurs in
the test then the judgment can be made, but the data do
not give as strong support. If no significance is indi-
cated, chance may then provide a satisfactory explana-
tion. The effect may be real, but the experimental
observations do not have the capacity to demonstrate
its existence.

Further study can be made in these tests to determine
the power of the test of significance; that is, possible to

estimate the smallest difference that could be detected
with a specified probability. If this smallest difference
appears to be of no economic consequence, inquiry may
be terminated. If economic importance could be
attached to the smallest difference, then further inquiry
may be indicated. A detailed discussion of the subject
of the power of tests with tables and references is given
by Kempthorne (1953).

The desirable precision of HC:VC ratio predictions
is a 95-percent confidence limit. In designed experi-
ments where the correlations among independent vari-
ables are zero, the 95-percent confidence limits are
relatively simple to calculate. In the landslide investi-
gation, however, the independent variables were all
highly correlated and the calculation of 95-percent
confidence limits for a predicted value would be tedious.
For a complete discussion of the subject see Schultz
(1930.)

In the landslide study the standard error of estimate
was used to describe the precision of predictions. This
measure, although crude, would have immediate prac-
tical use in the field. A discussion of the standard
error of estimate is given in Snedecor (1946).

It should be strongly emphasized that the results of
the research in this investigation have not proved that
landslides are predictable by statistics. The statistical
analyses merely were used as tools to obtain probability
statements. The conclusions and judgments made in
the statistical parts of this report were made by the
writers and responsibility must rest on them. These
judgments can be considered as true and proper only
if the community of scientists tests and accepts them.
Other workers who plan to use the results of the in-
quiries must test and retest the various concepts
presented.

SPECIFIC METHODS AND SOURCES

The various statistical methods employed in the
landslide investigation are listed as follows:

1. Simple analysis of variance.

The uniformity experiment was patterned after
simple analysis of variance. Davies (1954),
Fisher (1946), (1947), Goulden (1952), Snedecor
(1946), and Youden (1953) describe this method.

2. Analysis of covariance with disproportionate num-
bers in the subclasses.

This technique was used in the analyses with the
HC:VC ratio. Patterns were obtained from
Kempthorne (1953), Snedecor and Cox (1935),
Tsao (1945)!, (1942), (1946), and Yates (1933).

1 Tsao, Fei, 1945, General solution of the analysis of variance and covariance in the
case of unequalor disproportionate numbers of observations in the subclasses: Unpub.
thesis, Univ. Minnesota, 115 p.
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3. Multiple regression analysis.
Final prediction equations were developed by
this method.
Techniques were obtained from Fisher (1946),
Kempthorne (1953), and Snedecor (1946).

4. Discriminant functions.

References for this method are Durand (1941),
Fisher (1936; 1946), Goulden (1952), Mather
(1943), Park and Day (1942).

5. Transformations.

References, Bartlett (1947), Cochran (1938; 1947),
Snedecor (1946).

6. Tests for parallelism.

Reference Snedecor (1946).

SUMMARY OF RECONNAISSANCE SEISMIC SURVEYS
By RoBerT M. HAZLEWOOD

Refraction seismic surveys of four small areas in the
upper Columbia River valley were made to determine
the position of the bedrock surface underlying the
Pleistocene terrace deposits because landsliding in the
terrace deposits may be influenced by the position and
the configuration of that surface.

The terrace deposits are composed of clay, silt, sand,
and gravel which range in thickness from a few feet to
700 feet or more. Paleozoic and Mesozoic metamorphic
and igneous rocks form the bedrock. They consist
principally of quartzite, schist, gneiss, and granite.
The seismic-refraction method was applicable here
because of the contrast in velocities between the meta-
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morphic and igneous rocks and the surficial deposits
composed of clay, silt, sand, and gravel deposits.

Reconnaissance seismic measurements were made
along the shores of the northern part of Franklin D.
Roosevelt Lake in the Reed terrace and Ninemile areas
and also along the Columbia River in the Nespelem
River area, which is 12 miles downstream from Grand
Coulee Dam (figs. 1, 10). Fieldwork was done from
July 15 to August 28, 1952, and additional work in the
Reed terrace area was done from June 8 to 26, 1953.
Fred O. Jones, who was in charge of the geologic stud-
ies, selected the areas for investigation and furnished
the necessary maps and geologic information.

FIELD MEASUREMENTS

The survey was made with a portable 12-trace
refraction seismograph unit, and the reversed profile
method of shooting was used for bedrock depth deter-
minations. In this method the geophones are arranged
in a straight line and dynamite is detonated alternately
in shotholes at the ends of the line. Because the depth
to bedrock ranged from less than 50 to more than 750
feet, profiles were 500 to 2,400 feet in length to obtain
the necessary depth of penetration. Geophones were
spaced at 100-foot intervals along the 1,200-foot
profiles and at 200 feet along the 2,400-foot profiles.
The geophones were placed in shallow holes 4 to 6
inches in depth to reduce background noise caused by
wind. Because the material lying near the surface of
the ground was extremely dry, large charges of ex-
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FIGURE 43.—Sample time-distance curves and bedrock profiles for Reed terrace area, Franklin D. Roosevelt Lake, Wash.
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plosives were needed to send seismic impulses to distant
geophones. From 10 to 50 pounds of 60 percent dyna-
mite was used per shothole. Electric seismic blasting
caps were used to detonate the explosive. A power
auger mounted on a jeep was used where possible to
drill shotholes to depths from 10 to 25 feet. Where
it was not possible to use the power auger, shotholes
4 to 6 feet deep were dug by hand.

A total of 50 profiles were shot: 37 in the Reed terrace
area, 9 in the Ninemile area, and 4 in the Nespelem
River area.

Depths were computed by a critical-distance formula,
assuming a single dipping layer, and were checked by
means of the time-intercept method. The measure-
ments were made over even ground and few altitude
corrections were necessary. A sample of travel-time
curves for Reed terrace area is shown on figure 43.

RESULTS

The terrace deposits varied greatly in their moisture
content. Where the deposits were dry or nearly so,
the velocity ranged from 1,500 to 3,500 feet per second.
Where the terrace materials were water soaked, the
velocity was uniformly 5,000 feet per second. The
velocities in the individual beds within the terraces
were so similar that lithologic changes were not evi-
dent. The velocity in the bedrock ranged from 15,000
to 19,000 feet per second.

A bedrock contour map was prepared for the Reed
terrace area. In the Ninemile and Nespelem River
areas sufficient data were not available to prepare
contour maps, and only the location of the shotpoints
and the depths to bedrock are given.

REED TERRACE AREA

The Reed terrace area includes one large terrace and
several smaller terraces at higher and lower levels. The
surficial deposits are composed of clay, silt, sand, and
gravel (pl. 1). The bedrock is quartzite, gneiss, and
schist.

Depths to bedrock are shown in the table below.
Shotpoints and bedrock contours are shown on plate 1.
Measurements in the uppermost terrace in the north-
western part of the Reed terrace area (the Sherman
Creek terrace) show an old valley in the bedrock surface
draining southeast into the sediments underlying the
largest terrace (Main terrace). The velocity in the
material underlying the Sherman Creek terrace is
is 1,500 to 3,000 feet per second. This velocity is
lower tban that in water-soaked material, and it
suggests that there is little or no movement of water
in the channel from the upper terrace to the lower
main terrace. The possibility of seasonal movement
of water is not excluded. In the other parts of the

Seismic results Reed terrace area
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Shotpoint Depnth to Shotpoint Bedrock
bedrock altitude altitude

| 90 1, 490 1, 400
2. 150 1, 490 1, 340
R 422 1, 490 1, 068
4 - 410 1, 490 1, 080
B ___ 597 1,470 873
6 o ____ 47 1,493 1, 446
y S, 53 1, 496 1, 444
8 328 1, 496 1,168
9. 439 1, 491 1, 052
100 . 441 1, 482 1, 041
v} SR 215 1, 585 1, 370
12 204 1, 535 1, 331
13l 220 1, 601 1, 381
4. 220 1, 584 1, 364
165 . 333 1, 490 1,157
16 . 765 1, 450 685
17 . 560 1, 310 750
18 . 144 1, 310 1,166
19 240 1, 450 1,210
20 - 237 1, 450 1,213
20 . 459 1, 479 1, 020
22 ... 553 1, 470 917
23 .. 541 1, 458 917
24 ___ 520 1,470 950
25 e 385 1, 490 1,105
26 ... 576 1,478 902
.y 455 1, 490 1,035
28 .. 175 1,515 1, 340
29 . 401 1, 491 1, 090
30 I 170 1, 455 1, 285
3l . 225 1, 455 1, 230
32 . 245 1, 795 1, 550
38 230 1, 805 1, 575
34 . 66 1, 780 1,714
35 . 126 1, 790 1, 664
155 1, 700 1, 545

91 1, 660 1, 569

91 1, 650 1, 559

45 1, 590 1, 545

525 1, 340 815

102 1, 325 1, 223

226 1,438 1,212

252 1, 490 1, 238

37 1, 622 1, 585

115 1, 515 1, 400

220 1, 470 1, 250

190 1, 510 1, 320

48 .. 185 1, 475 1, 290
49 . 265 1,475 1, 210
50 o ___ 632 1,299 667
51 .. 305 1, 290 985
52 e 110 1, 800 1, 690
L I 221 1,790 1, 569
54__ . _______ S 148 1,785 1,637
1 218 1, 802 1, 584
56 535 1, 450 915
87 . 241 1, 500 1, 259
58 . 390 1, 490 1,100
59 o __ 469 1, 485 1,016
60 e 425 1,485 1, 060
61 . 550 1,479 929
62__ . . ___ 385 1, 490 1,105
63 504 1, 470 966
64 _ .. 170 1, 500 1, 330
65 e 320 1, 490 1,170
66 . 90 1, 490 1, 400
67 . 221 1, 455 1,234
68 - - 256 1, 500 1,244
L 539 1, 470 931
(1 118 1,775 1, 657
4 255 1, 798 1, 543
72 o 120 1, 800 1, 680
£ T 88 1, 841 1, 753
Th .. 220 1, 800 1, 580
75 . 220 1,790 1, 570
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Reed terrace area, a uniform velocity of about 5,000
feet per second was observed in the surficial deposits,
indicating water-soaked material; and, in fact, the
silt and sand were saturated with water where holes
were drilled through the overlying dry surface. The
average velocity in bedrock throughout the area. was
17,000 feet per second.

NINEMILE AREA

The seismic investigations were done on Ninemile
Flat (pl. 3) and in the ancient multiple-alcove land-
slide to the south. Pleistocene deposits, chiefly silt
and clay with some sand and gravel, overlie Paleozoic
and Mesozoic metamorphic rocks in this area.

Depths to bedrock are shown in the table below; the
locations of the shotpoints are shown on plate 3. The
depths to bedrock indicate that there is an old valley in
the bedrock beneath Ninemile Flat. The line shot
west to east (shotpoints 3, 5, 6 and 7) shows the bedrock
surface to be dipping to the west into the valley. The
velocity of 3,500 to 4,000 feet per second in the over-
burden along this line indicates that these materials
were not water soaked. The velocity of 5,000 feet per
second in the overburden in the buried valley, however,
indicates water-soaked conditions and suggests that
the subsurface drainage probably follows the old valley.

Seismic results, Ninemile area

Shotpoint Depth to Shotpoint Bedrock
bedrock altitude altitude
1. 599 1, 885 1, 286
2 el 630 1, 860 1, 230
. J 477 1, 890 1, 413
4 . 475 1, 900 1, 425
L T 275 1, 900 1, 625
6 . 278 1, 920 1, 642
T e 265 1, 940 1, 675
- S 361 1, 860 1, 499
L 315 1, 460 1, 145
100 . 406 1, 440 1,034
) B 385+ 1, 390 1, 005—

1 Incomplete, at least 385+.
NESPELEM RIVER AREA

In the Nespelem River area, seismic profiles were run
across Bailey Basin (pl. 5). The overburden is com-
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posed of clay, silt, sand and gravel. The bedrock is
granite. The east end of Bailey Basin is formed by a
landslide scarp; the floor is landslide debris. The sur-
face material was exceedingly dry sand with a large
amount of very coarse gravel, making it almost impossi-
ble to dig shotholes.

Depths to bedrock are shown in the table below;
the locations of the shotpoints are shown on plate 5.
On the floor of Bailey Basin velocities of 5,000 feet per
second indicated that the overburden was water soaked.
On the terrace above and to the east of the landslide
scarp, velocities of 2,700 to 4,000 feet per second indi-
cated that the overburden was dry.

Seismic results, Nespelem River area

Shotpoint Depth to Shetpoint Bedrock
bedrock altitude altitude
140 1, 040 900
210 1, 120 910
74 1, 244 1, 170
285 1, 600 1,315
164 1, 680 1,516
300 1, 560 1, 260
440 1, 540 1, 100
CONCLUSIONS

The results of this investigation indicate that the
seismic-refraction method can be used successfully
over terrace deposits to determine depths to bedrock.
This method was ideally suited to the area because of
the large contrast between the velocity of the overly-
ing material and the velocity of the bedrock. From
the observed velocities it was possible to determine
whether the terrace materials were dry, relatively dry,
or water soaked. The velocities in the individual beds
of the terrace were so similar that lithologic changes
were not evident.

TABLES OF LANDSLIDE DATA

All landslide and slope-stability data used or referred
to in any part of the study are tabulated in the following
tables (tables 1-9, inclusive). More complete defi-
nitions of classification categories are given in the section
on statistical studies under heading ‘“Field observation
and methods” on page 33.
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TABLES OF LANDSLIDE DATA
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TaBLE 2.—Forty-two slip-off slope landslides used in statistical analysis

Classification and landslide data
Land-|
slide Area1? Location 2 Mate- Original| Sub- .
No. rial |Ground|Terrace| Drain- [slope of mer- Cul- | Mate- | Time
cate- | water ¢ | height 5| age 8 [ terrace | gence 8| ture?® | rial re- of |LC"|HCHB|VCU HC.VC
gory 8 (feet) scarp 7| (per- moval 19| slide tt
cent)
Columbia River downstream from Grand Coulee Dam
12 | Nespelem River......_..._ River mile (RB) 11.77 2| Low._ 135 43| 1.2:1 5 71 81 92 | 200 70 60 1.2
22 (LB) 15.3 1]...do__ 335 43 | 1.6:1 3 71 81 92| 200 400 ] 300 1.3
Franklin D. Roosevelt Lake
23 | Keller Ferry......coo..... Lake mile (RB) 16.2 5| Low.. 500 41 1L 28 71 81 93 | 400 | 360 | 250 1.4
52 | Hellgate-Whitestone...... (LB) 23.4 6 {--.do. . 420 43| L5 72 72 81 93 |1, 450 | 210 2.1
53 24.1 5 |...do._. 420 43§ L. 73 72 81 93 12,000 | 740 | 360 2.1
54 (RB) 25.3 5...do__ 785 43| 1 35 71 81 93 | 500 {1,000 | 560 1.8
67 | Hawk Creek._.._...__.... (LB) 37.5 3 |-..do__ 440 42| 1 20 71 82 93 | 250 70 47 L5
68 37.55 3 |..do__ 510 42 L.8: 31 71 81 93| 300| 130 80 1.6
69 37.9 3 }|...do.. 480 43 1.7 52 71 81 93| 200 | 200 110 1.8
70 38.1 3 |---do.. 170 431 2. 53 71 81 93| 200 | 100 40 2.6
72 | Spokane Riverarm....... Mile (RB) .2 5|--.do..| 115 43| 2 48 71 81 93| 250 90| 35 2.6
73 (LB) .5 5 (-..do.. 480 42| 1. 46 71 81 93| 200 70 56 1.3
76 .8 5 |-..do__ 400 42| 1 52 71 82 150 90 60 15
76 .9 5 |-..do__ 230 42| 1. 35 71 81 93 | 200{ 100 70 1.4
85 10.8 6 |--.do.. 190 42| 1 63 71 81 93| 350 | 200 | 166 1.8
89 (RB) 12.5 3 {--do.. 300 42| 1 17 71 81 93| 300 | 130 | 105 1.2
92 (LB) 13.2 5|--.do__ 210 431 1 55 72 81 93| 800 ( 120 80 1.5
105 (RB) 22.1 3 {--.do_. 380 431 1 12 7 81 93 11,500 | 630 | 380 L7
106 28.2 51...do__ 140 43| 1 14 71 81 931 150 | 200} 120 1.7
138 | Ninemile_......_...______. Lake mile (LB) 52.9 2 |--.do.._ 180 43 | 1. 67 71 81 93| 140} 400 ]| 170 2.4
139 53.0 2 l...do_. 170 43| 1. 71 7 81 931 200 4501 170 2.6
169 | Hunters-Nez Perce Creek. (RB) 64.45 1|...do_. 360 41 | 1L 53 71 81 93| 9001 350 | 350 1.0
174 65. 1 1 [--.do._ 290 41 1 2. 62 7 81 93 1,660 | 740 | 200 2.6
189 | Cedonia.___oeoooooo___.__ (LB) 68.2 5|.-.do.._ 290 431 1. 62 7 81 931 200 | 600 | 280 2.1
192 | Cedonia (Bay 840 it RB)_. 68.2 5 |--.do_. 130 41| 1 38 71 82 93| 220 260 | 130 2.0
203 edonia____.._..________._ 69.1 5 |-..do.._ 340 43 . 56 71 81 93| 150 | 400 | 275 L5
204 | Cedonia (Bay 100 ft LB).. 69.2 5 |-..do__ 190 42 L 45 71 81 93| 150 | 250 | 170 L5
206 | Cedonia (Bay 200 it LB)-. 69.2 5 |--.do_. 180 421 1. 39 7 81 92 76| 260 | 170 L5
207 | Cedonia (Bay 300 ft LB)._ 69.2 5|...do__| 180 42| 1 39 71 81 93| 180 | 200 | 165 1.8
208 | Cedonia (Bay 400 ft RB)._| 69.2 5(...do.._ 170 42 1 12 e} 82 93 110 160 76 2.1
209 | Cedonia (Bay 500 it LB)-. 69.2 5 |--.do_. 180 2] L 33 71 81 93| 150 | 255} 136 1.9
210 | Cedonia (Bay 600 ft RB)__ 69.2 5 |-..do__ 125 42 L 8 71 82 93| 300 | 165 85 19
218 | Cedonia (Bay 400 ft LB).. 70.0 2 |...do__ 156 43 | L 17 71 82 93 75 70 68 10
234 | Cedonla___._.________ 70.9 6|...do.. 300 431 1L 60 7 81 931 750 | 550 | 270 2.0
239 | Gifford-Inchelium (RB) 84.8 1{...do__ 110 43 | 2. 56 71 81 93 {1,000 | 110 50 2.2
245 | Rice-Chalk grade (LB) 88.6 5 |--.do_. 280 43| 1. 68 71 81 93| 700{ 220 | 105 2.1
247 (RB) 90.3 6 |...do__ 210 43 1 52 73 81 93 100 | 150 85 1.8
254 | Roper Creek..__.________. 96.9 5 |--.do.._ 160 43 1. 28 71 81 93 700 210 124 1.7
268 | Kettle Falls (200 1t east of (LB) 103.7 5)._..do.._ 300 43| 1 13 71 82 931 100 | 270 | 160 1.7
U.S8. Coast and Geo-
detic Survey control
station “EAT” in Mar-
cus Bay).
270 | Kettle Falls (1,200 ft west 103.7 3 |---do.._ 170 42 | 1.5:1 35 71 81 93 | 3001 150 [ 100 L6
%I “EAT” in Marcus
ay).
290 N%rothpgrt-i.ntemational 124.8 3 |--do.. 160 43 | 1.6:1 43 73 81 93 80 | 160 86 L9
undary.
291 126.6 5 |...do._ 165 43 | 1.4:1 55 73 81 93| 300 170 90 1.9
1See figare 10. and snowmelt rapidly off the area; (42), lines of drainage less well developed with

? River mile, miles along centerline of Columbia River downstream from Grand
Coulee Dam; Lake mile, miles along the centerline of Franklin D. Roosevelt Lake
1]1)pstream from Grand Counlee Dam; Mile, miles from the mouth of a bay on Franklin

. Roosevelt Lake (bays commonly occur at the mouths of tributary streams);
RB, right bank as one is facing dowstream; LB, left bank as one is facing downstream;
a description such as * (Bay 600 ft RB) Lake mile (LB) 69.2”’ means that 69.2 miles
upstream from Grand Coulee Dam, there is a bay on the left bank of Franklin D.
Roosevelt Lake and the site of the landslide is on the right bank of the bay 600 ft
from the mouth.

3 (1), Predominantly lacustrine silt and clay in its original position of deposition;
(2), predominantly lacustrine silt and clay with bedding disturbed by landsliding,
glacial processes; (3), alternating beds of clay, silt and sand in nearly their original
position of deposition; (§), predominantly sand and gravel.

4 High—springs, seeps and abundant water-loving vegetation above the midpoint
of the exposed terrace slope; lakes or springs on the terrace surface or situated at higher
altitudes in a position to feed water into the terrace deposits. Low—springs, seeps and
abundant water-loving vegetation absent or limited to zones below the midpoint of
the exposed terrace slope; no springs or lakes on the terrace surface or at higher
altitudes to feed water into the terrace deposits.

¢ The altitude difference in feet from the top to the bottom of the slope in which
the landslide occurred, commonly the vertical distance between two terraces.

6 (41), Drainage lines on the terrace sufficiently well developed to channel rain

no significant closed depressions on the terraced surface; (43), closed depressions on
terrace surface; drainage channels so poorly developed that most of the rain and
snowmelt infiltrates the terrace deposits.

7 The ratio of the horizontal distance from the top to the bottom of the slope to the
vertical distance from the top to the bottom.

8 Percentage of the distance from the bottom to the top of a slope that is under
water.

% (71), No cultural or engineering developments on or near slide; (72), minor devel-
opments on or near slide such as farm buildings, plowed fields, farm access roads, or
logging trails; (73), major developments on or near slide, such as deep highway or
railroad cuts or fills, irrigation systems, towns or storage reservoirs.

10 (81), All or most of the landslide material removed from the scarp; (82), part of
the landslide material removed from the scarp. .

11 (92), Recent prereservoir landslides; (93), recent postreservoir landslides.

12 The length component (LC) is the maximum horizontal distance from side to
side of the slide measured parallel to the slope it descends.

13 The horizontal component (FHC) is the horizontal distance from the foot of the
landslide to the crown.

14 The vertical component (VC) is the difference in altitude between the foot and
the crown of a landslide.

15 The ratio of the horizontal component to the vertical component.

16 Major enlargement May 11, 1953, on slide 169.



80 LANDSLIDES ALONG THE COLUMBIA RIVER VALLEY, NORTHEASTERN WASHINGTON

TABLE 3.—Thirty-seven ancient slump-earthflow landslides used in statistical analysis

Classification and landslide data
Land-
slide Areal? Location 2 Mate- Terrace|Present | Mate- Remarks and re-movement data
No. rial |Ground| height 5| drain- | rialre- | LC8 | HCY| VCUW| HC:VC1
cate- | water¢| (feet) age 8 | moval?
gory 3
Columbia River downstream from Grand Coulee Dam

1 | Grand Coulee Dam-Bel- | River mile (RB) 4.2 1 | High_. 790 43 82 (3,500 |3,350 | 790 4.2 | Some renewed activity of material

vedere. near river level since 1948 fiood.

3 | Grand Coulee Dam-Bel- 4.3 1 |...do__. 400 13 82 1,800 1,220 | 400 3.0

vedere (Peter Dan
Creek, 5,000 it RB).

4 | Grand Goulee Dam-Bel- 4.3 1 |.-.do.__. 260 43 82 | 400 | 560 | 230 2.4 | Landslide 5, minor movements
vedere (Peter Dan . Dee. 23,1951; Nov. 10 or 11, 1952;
Creek, 5,000 ft LB). Nov. 27, 1952; and weekend of

Jan. 10, 1953.
5 | Grand Coulee Dam-Bel- 4.6 2 {.--do... 250 43 82 12,700 |1,400 | 230 6.1 | Renewed activity following com-
vedere. munity development, irrigation,
and 1948 fiood. Major enlarge-
ment Nov, 23, 1948,

6 4.4 1 ]...do_.. 820 43 82 (2,100 {3,900 | 790 4.9 | Landslide 5 is situated in landslide
material of the toe of this slide.

7 5.1 2 |---do...| 380 43 82 {2,000 (1,800 | 380 4.7 | Renewed activity following com-
munity development, irrigation,
and 1948 fiood; Dec. 23,1951; Nov.
10 or 11, 1952; Nov. 27, 1952; and
weekend of Jan. 10, 1953. Major
{nogement on slide 7, Nov. 23,

948.

8 | Nespelem River..._...__. 11.2 2 |...do-.. 550 43 83 | 500 11,270 | 260 4.9

9 11.4 1 |---do._. 550 43 82 3,000 (2,570 | 530 4.8

13 11.86 1 |...do__. 735 43 82 3,000 {3,600 | 700 5.1

15 12,1 2 |.-.do._. 150 43 82| 900 | 430 | 120 3.6

18 | Nespelem River (Nes- 14.2 1 |---do.__| 230 43 82| 900 | 600 | 230 2.6
pelem Creek, 7,800
it LB).

19 | Nespelem River_......... 13.2 1 |.._do._. 210 13 82| 600 | 680 | 200 3.4

Franklin D. Roosevelt Lake
47 | Sanpoil River bay._......_ Mile (RB) 8.15 1 | High__ 125 43 82| 500 | 450 | 125 3.6 | Renewed activity following lake
filling and highway construetion.
66 | Hawk Creek (Hawk | Lake mile (LB) 37.2 1| Low__ 470 43 81 | 850 1,270 | 380 3.3
Creek bay, 6,300 ft RB).
81 | Spokane Riverarm._____ Mile 7.1 3 |-..do... 280 43 82 (1,200 | 920 [ 270 3.4
96 17.15 3 | High__ 360 43 81| 200 570 | 330 1.7
97 17.2 3 |...do.__ 360 43 81 | 300 600 | 340 1.8
99 18.4 3 [-.-do___ 380 43 82 (1,200 11,200 | 370 3.2
102 19.3 3| Low-_ 470 43 82 11,000 | 960 | 370 2.6
112 | Fort Spokane.._......... Lake mile 42.6 1 | High__ 670 42 81 |1,400 [1,940 [ 670 2.9
123 | Ninemile ... 48.3 1 [--_do... 670 43 82 11, 300 (2, 600 670 3.9
124 48.8 1 (.._do... 800 43 81 { 700 (2,450 | 580 4.2
126 49.2 1 |...do___ 800 43 82 {1,500 |2,250 | 540 4.2
127 49.6 1}|...do__. 800 43 82 1,200 [1,650 [ 540 3.1
128 49.8 1 |--.do._. 800 43 81 700 2,500 | 670 3.7 . .
162 | Hunters-Nez Perce Creek. 62.5 1 |...do.__ 410 43 81 | 850 |1,270 | 410 3.1 | Renewed activity following irriga-
tion of terrace in 1920’s; addi-
tional re-movement when lake
wzgs3 filled, and in years through
953.
163 | Hunters-Nez Perce Creek 64.8 1 ]-..do_.. 280 43 81 780 | 900 | 210 4.3 | Renewed activity following irriga-
§H£1g1);9,rs bay, 1,000 tion of terrace in 1920’s.
t .
164 | Hunters-Nez Perce Creek 64.8 1 [.-.do... 270 3 81| 720 | 850 | 180 4.7 Do.
(Hunters bay, 1,600
ft LB).
185 | Cedonia....ooeoooooo___. (RB) 67.9 3| Low__ 400 42 81 500 | 960 | 320 3.0
194 68.3 3 |...do__. 400 42 81 300 820 | 280 2.9
196 68. 4 3 } High__ 500 42 81 | 500 |1,200 | 370 3.2
197 68.5 3 |...do... 540 42 81 | 500 {1,180 | 410 2.9

See footnotes at end of table,
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TABRLE 3.— Thirty-seven ancient slump-earthflow landslides used in statistical analysis—Continued

Classification and landslide data
Land-
slide Areal2 Location 2 Mate- Terrace| Present] Mate- Remarks and re-movement data
No. rial [Ground| height 5| drain- | rialre- | LC8 | HC®{ VC V| HC . VCu
cate- | water 4| (feet) age§ | moval?
gory 3
Franklin D. Roosevelt Lake—Continued
237 | Gifford-Inchelium (Hall | Lake mile (RB) 79.4 1| Low.__ 300 43 81| 700 | 620 300 2.1 | Renewed activity following irriga-
Creek bay, 1,000 RB). tion of terrace before Franklin
D. Roosevelt Lake and minor
activity from the lake.
253 { Roper Creek (Roger 95.2 1 |...do._. 150 43 82| 700 ( 890 | 150 5.9 | Renewed activity of slide material
reek bay, 1.800ft LB). following partial inundation by
Franklin D, Roosevelt Lake.
275 | Marcus-Evans.______.___ 106.0 1|...do... 140 43 82| 200 ) 360 140 2.6 Do.
278 106.8 1 | High_. 320 43 82 11,670 ]1,130 | 320 3.5 Do.
294 | Hawk Creek (Hawk (LB) 371.2 1] Low.._ 470 43 81 (1,100 | 840 | 380 2.2
Creek bay, 4,500 ft RB).
1 See flgure 10. the exposed terrace slope; no springs or lakes on the terrace surface or at higher alti

2 River mile, miles along centerline of Columbia River downstream from Grand
Coulec Dam; Lake mile, miles along the centerline of Franklin D. Roosevelt Lake
upstream from Grand Coulee Dam; Mile, miles from the mouth of a bay on Franklin
D, Roosevelt Lake (bays commonly occur at the mouths of tributary streams);
RB, right bank as one is faciu%downstream; LB, left bank as one is facing down-
stream; a description such as ‘‘ (Bay 600 ft RB) Lake mile (LB) 69.2”” means that 69.2
miles upstream from Grand Coulee Dam, there is a bay on the left bank of Franklin
D. Roosevelt Lake and the site of the landslide is on the right bank of the bay 600 ft
from the mouth.

3 (1), Predominantly lacustrine silt and clay in its original position of deposition;
(2), predominantly lacustrine silt and clay with bedding disturbed by landsliding,
glacial processes; (3), alternating beds of clay, silt and sand in nearly their original
position of deposition.

¢ High—springs, seeps and abundant water-loving vegetation above the midpoint
of the exposed terrace slope; lakes or springs on the terrace surface or situated at higher
altitudesin a position to feed water into the terrace deposits, Low—springs, seeps and
abundant water-loving vegetation absent or limited to zones below the midpoint of

tudes to feed water into the terrace deposits.

§ The altitude difference in feet from the top to the bottom of the slope in which the
landslide occurred, commonly the vertical distance between two terraces, .

6 (42), Lines of drainage less well developed with no significant closed depressions
on the terrace surface; (43), closed depressions on terrace surface; drainage channel so
poorly developed that most of the rain and snowmelt infiltrates the terrace deposits.

7 (81), All or most of the landslide material removed from the scarp; (82), part of the
landslide material removed from the scarp; (83), very little movement of the land-
slide material. . .

8 The length component (L C) is the maximum horizontal distance from side to side
of the slide measured parallel to the slope it descends.

9 The horizontal component (HC) is the horizontal distance from the foot of the
landslide to the crown.

10 The vertical component (V' C) is the difference in altitude between the foot and the
crown of a Jandslide, .

1t The ratio of the horizontal component to the vertical component.
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TABLES OF LANDSLIDE DATA 87

TaBLE 7.—Uniformity experimeni—recen’ slump-earthflow landslides
[Landslides classified by Peterson and Erskine (P&E) and Jones (J)]

Landslide group and landslide Classified HC:V(C1? M aterial Ground Original slope | Submergence ¢
o. Location ! by— ratio category 3 water ¢ of terrace (percent)
scarp &
Sanpoil River bay atea

Group 1
3 .. Mile (LB) 2.05 P&E 3.4 3 3.6 68
J 2. 4 3 2.2 66
30 . 1.8 P&E 2.7 3 2.1 66
J 2.5 3 2.4 74
35 . (RB) 3.1 P&E 2.5 1 3.0 65
J 3.5 1 2.6 61
27 . (LB) .8 P&E 2.8 5 2.4 74
J 2.0 5 2.6 69
33 e 2.4 P&E 1.6 1 1.3 40
J 3.2 3 3.0 68
29 . 1.6 P&E 1.6 1 1.3 40
J 2.1 3 2.1 68

Group 2
42 . 6. 05 P&E 4 2 1 2.6 21
J 5.3 1 3.0 45
36 . 3.2 P&E 3.2 3 3.0 65
J 3.8 1 3.7 71
40 .. 3.8 P&E 2.7 1 2.2 54
J 3.4 1 2.8 62
43 . 6.7 P&E 2.8 2 3.1 17
J 3.6 1 2.9 33
41 .. (RB) 4.3 P&E 2.9 3 2.5 76
J 3.2 1 2.3 82
44 _ . 6. 8 P&E 3.7 1 3.7 13
J 4.0 2 3.9 22

Ninemile area

Group 3:
143 . Lake mile (LB) 53.5 P&E 2.4 5| Low__.__ 1.7 71
J 3.0 2 |...do.____ 2.7 76
125 . 49.0 P&E 19 3 |._-do._.__ 1.7 73
J 1.9 4 |___do_____ 1.6 73
131, . (RB) 51. 4 P&E 2.2 5 |._-do___.__ 1.6 15
J 2.3 1{.__do__.._ 1.8 16
150 o o___ Wilmont Bay (RB) 1, 750 ft P&E 2.5 3 |._.do____. 1.7 45
J 2.0 1f._.do..__. 1.8 43
152 .. 3, 700 P&E 2.0 3 |..-do__._._ 1.2 24
J 2.0 1 (|...do.____ 1.8 25
141 . Lake mile (LB) 53.2 P&E 2.7 5| _.do_____ 1.4 64
J 1.7 2 |.._do__.__ 3.3 82

Cedonia area

Group 4
193 ________ Lake mile (LB) 68. 2 P&E 1.4 3| Low__.__ 1.6 42
(Bay 360 ft LB) J 1. 9 2 ___dO _____ 1.5 53
195 ... LB) 68.3 P&E 2.0 5 |..-do_.___ 2.0 71
J 3.3 4 |._.do.____ 2.7 73
183 . 67. 75 P&E 1.7 5 |.__.do.___. 1.7 35
J 1.8 3 |..-do_-___ 1.8 30
187 .. 68.0 P&E 1.6 5 (.-_do_.__.__ 1.6 33
J 1.8 4 |__..do_____ 1.4 33
190 ________ 68. 2 P&E 1.6 5 |..-do_.___ L5 33
(Bay 800 ft RB) J 1. 2 2 ---do _____ 1- 8 27
186 _______ Lake mile (LB) 67.9 P&E 1.9 5 (..-do..... 1.6 19
J 2.0 4 |...do_.___ 1.3 33

See footnotes at end of table,



88 LANDSLIDES ALONG THE COLUMBIA RIVER VALLEY, NORTHEASTERN WASHINGTON

TABLE 7.— Uniformity experiment—recent slump-earthflow landslides—Continued
[Landslides classified by Peterson and Erskine (P&E) and Jones (J)]

Landslide group and landslide Classified HG:VG?3 M aterial Ground Original slope |Submergence ¢
0. Location t by— ratio category & water ¢ ofs ct:rr;a?e (percent)
Cedonia area—Continued

Group 5:
217 Lake mile (LB) 69. 9 P&E 1.7 5| Low.____ 1.3 53
J 2.0 4 |___do___.. 1.6 43
212 e 69. 3 P&E 1.5 5 [-._do__.__ 1.5 50
1.6 4 {_._.do___.. 0.7 55
202 ... 69. 0 P&E 1.7 5 |.._do__... 1.9 56
J 1.7 5 |...do._.__ 1.7 54
218 o 69. 4 P&E 1.5 5 |.--do--___ 1.5 50
J 2.9 4 |_..do..__. 1.3 59
215 .. 69. 6 P&E 1.7 4 |._.do___._ 1. 4 53
* L7 4 |___do..... 1.3 59
222 _ o 70. 1 P&E 3.0 4 |___do._.... 1.6 67
1.4 2 |...do..._. 1.4 60

Group 6
227 e 70. 45 P&E 2.2 5 {_-_do.____ 1.4 50
J 1.9 4| _.do_.__. 1.5 47
231 . 70. 6 P&E 1.9 5(...do..._. 1.6 52
J 2.6 4 (.__do.___._ 1.3 66
232 .. 70. 65 P&E 2.0 5 [.-_do._._.__ 1.6 52
J 2.4 4 |._.do-_.._. 1.3 63
229 ... 70. 5 P&E 1.6 5 (.-_do__.__ 1.5 56
1.9 4 |__.do.____ 1.8 56
230 .. 70. 55 P&E 1.8 5 |.._.do.____ 1.5 57
J 2.3 4 |...do...__ 1.3 66
225 . oo 70. 25 P&E 2.0 5 [---do_._.__ 1.4 49
J 1.8 4 |__..do--... 1.3 49

Roper Creek—Reed Terrace area

Group 7:
262 . Lake mile (RB) 95. 2 P&E 1.8 4 | Low_____ 1.7 27
(Bay 1’300 ft RB) J 1.4 2 |...do.___._ 1.7 25
250, e _ Lake mile (RB) 95. 2 P&E 2.6 4 |___do_____ 1.9 10
(Bay 800 ft RB) 2.4 2 _-_do _____ 2.2 37
251 .. Lake mile (RB) 95. 2 P&E 3.5 4 | High_____ 3.5 22
(Bay 900 ft LB) J 3. 8 2 ___dO _____ 3.7 28
259 .. Lake mile (RB) 98. 5 P&E 3.1 1 |...do_.___ 3.0 41
J 2.9 1|._.do-___. 2.3 38
27 . Mile (RB) 2.0 P&E 2.3 4| Low_____ 1.2 11
J 4.3 2 |__.do..__. 3.5 18
257 .. Lake mile (RB) 98. 37 P&E 3.8 1| High___._ 2.3 45
J 4.5 1 |._.do.____ 2.5 50

1 Lake mile, miles along the centerline of Franklin D. Roosevelt Lake upstream
from Grand Coulee Dam. Mile, miles from the mouth of a bay on Franklin D. Roose-
velt Lake (bays commonly oceur at the mouths of tributary streams); RB, right bank
as one is facing downstream; LB, left bank as one is facing downstream; a description
such as “ (Bay 600 ft RB) Lake mile (LB) 69.2’ means that 69.2 miles upstream from
Grand Coulee Dam there is a bay on the left bank of Franklin D. Roosevelt Lake
and the site of the landslide is on the right bank of the bay 600 ft from the mouth.

2 The horizontal component HC, is the horizontal distance from the foot of the land-
slide to the crown; the vertical component VC, is the difference in altitude between
the foot and the crown of a landslide; HC: V' C, the ratio of the horizontal component
to the vertical component.

3 (1), Predominantly lacustrine silt and clay in its original position of deposition;
(2), predominantly lacustrine silt and clay with bedding disturbed by landsliding,

glacial processes; (3), alternating beds of clay, silt and sand in nearly their original
position of deposition; (4), alternating beds of clay, silt and sand disturbed by land-
sliding and glacial processes; (5), predominantly sand and gravel. .

+ High—springs, seeps and abundant water-loving vegetation above the midpoint
of the exposed terrace slope; lakes or springs on the terrace surface or situated at higher
altitudes in a position to feed water into the terrace deposits. Low—springs, seeps and
abundant water-loving vegetation absent or limited to zones below the midpoint of
the exposed terrace slope; no springs or lakes on the terrace surface or at higher alti-
tudes to feed water into the terrace deposits.

5 The ratio of the horizontal distance from the top to the bottom of the slope to the
vertical distance from the top to the bottom.

6 Percentage of the distance from the bottom to the top of a slope that is under water.
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TABLE 8.—Slope-stability investigation, Franklin D. Roosevelt Lake

Classificati»n and measurement data
. Discriminant
Slope No. Location 1 function values 7
Material Ground water 3 'Terrace height 4 | Original slope of Submergence &
category 2 (feet) terrace scarp & (percent)
Grand Coulee Dam
1 | Lake mile (RB) 0.5 5(Low___._._____ 130 8 8:1 85 0. 0060
2 (LB) 2.5 2 ... do_______ 120 11.6:1 50 . 0023
Swawilla Basin
3 | Lake mile (LB) 4.5 1{Low____.__.___ 155 3.4:1 6 0. 0118
4 5.5 1. do..._.__ 150 2.3:1 7 . 0155
5 6.3 2 |- do._____._ 110 15.3:1 73 —. 0001
6 7.5 2 (... do___.____ 110 2.6:1 55 . 0161
7 (RB) 7.5 ) O do_______ 330 4.7:1 3 . 0108
8 80 ) O do______. 80 1.8:1 0 . 0125
9 8 2 1. do___.___._ 65 2.8:1 8 . 0105
10 86 1 .- do_______ 85 6.0:1 13 . 0051
11 (LB) 9.6 1. do_______ 290 5.2:1 66 . 0139
12 (RB) 10. 1 1. do____.__ 155 5.7:1 73 . 0106
13 (LB) 11. 3 2 |- do_______ 45 12.4:1 67 —. 0019
14 (RB) 11.9 5 ... do._._._._ 285 2.7:1 70 . 0200
15 12. 8 1. do ______ 235 2. 8:1 83 . 0191
16 14. 1 [ 3 do._._.__ 30 51:1 50 . 0043
17 (LB) 14.7 5 |.--- do.______ 370 1. 5:1 30 . 0254
18 15.0 [ I do._____. 200 1. 8:1 75 . 0225
19 15. 8 1{____ do.____.._ 25 5.7:1 20 . 0012
Keller Ferry
20 | Lake mile (LB) 16. 8 2| Low_________ 25 6. 8:1 52 0. 0010
21 17. 5 2 o -- do_______ 40 3.5:1 20 . 0077
22 17. 8 2. do ______ 230 3.4:1 83 L0172
23 (RB) 183 5 .._- do._.____ 350 2.6:1 14 . 0189
24 19.0 3 |oee do.___._. 220 1. 8:1 50 . 0278
25 20. 0 3 |-o--- do_______ 130 2.5:1 31 . 0163
26 20. 3 3 |-o--- do____.___ 270 3.5:1 67 . 0173
27 (LB) 20.8 4 | High_________ 150 8 3:1 43 . 0129
Sanpoil River ba)’
28 | Mile (RB) 0.9 3| Low_________ 80 2.0:1 0 0. 0163
29 1.0 b 3N I do_____.__ 92 2.0:1 13 . 0206
30 1.1 3 |- do.______ 130 1. 5:1 31 . 0211
31 4.5 | S PR do_______ 170 2.7:1 82 . 0181
32 (LB) 5.2 N do_______ 240 5.0:1 50 . 0130
33 (RB) 7.5 | O do._.__._ 40 4. 5:1 20 . 0054
Hellgate— Whitestone
34 | Lake mile (LB) 21.0 4 | High_________ 300 9.3:1 57 0. 0151
35 21.3 4 | Low_______.__ 260 2.4:1 13 . 0183
36 21. 6 4 ... do_______ 320 2.7:1 16 . 0184
37 22.3 L 2 do___._.__ 190 3.0:1 95 . 0178
38 (RB) 23.9 5 |-o--- do_______ 90 4. 3:1 50 . 0104
39 24.3 5 |.--._ do_______ 100 2.1:1 10 . 0153
40 24 4 [ 3 . do.__.___ 100 1.4:1 10 . 0191
41 (LB) 24.8 B T do__...__ 300 3.4:1 77 . 0182
42 25. 1 5 |-o--- do_______ 340 6. 5:1 65 . 0124
43 (RB) 27.5 5 ... do_______ 100 3.1:1 5 . 0106
44 28.0 5 .- do.______ 90 2.6:1 11 . 0130
45 28.7 5 1.--_- do_______ 125 3.2:1 28 . 0137
46 29. 0 5 |.___- do..._.._ 90 3.3:1 22 . 0117
47 31. 7 5 _.___ do_______ 220 3.8:1 27 . 0144
48 32.7 51 .. do_______ 110 6.1:1 9 . 0055

See footnotes at end of table.
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LANDSLIDES ALONG THE COLUMBIA RIVER VALLEY, NORTHEASTERN WASHINGTON

TABLE 8—Slope-stability investigation, Franklin D. Roosevelt Lake—Continued

Classification and measurement data
Discriminant
Slope No. Location t . . function values ?
Material Ground water 3 Terrace height ¢ | Original slope of Submergence 8
category ? (feet) terrace scarp § (percent)
Hawk Creek
49 | Lake mile (LB) 34.0 5| Low_________ 270 1. 4:1 41 0. 0252
50 34.6 5 1. ____ do__.____ 275 1. 4:1 24 . 0245
51 35.1 5 1-_---_ do_.__.___ 260 2.5:1 35 . 0194
52 35. 4 5 |- do__.._ ... 280 1. 8:1 40 . 0230
53 35. 5 5 [--_- do.._._._ 280 2.5:1 65 . 0206
54 (RB) 37.0 3. .. do_—._._. 190 1. 7:1 21 . 0210
55 38.0 5 [o-._ do.__.____ 230 5.5:1 26 . 0110
56 (LB) 38.8 3 |----- do.._-__. 280 2. 8:1 75 . 0197
57 38.9 b 2 R do.. ... 200 2.4:1 60 . 0195
58 (RB) 389 S 2 do._.-... 210 3.8:1 5 L0117
59 | Lake mile (RB) 39.6 3 60 2.8:1 17 0.0112
60 40. 5 3 40 12.0:1 25 . 0032
61 (LB) 40.8 3 170 2.2:1 53 . 0194
62 (RB) 41.1 1 170 2.5:1 0 . 0192
63 (LB) 41.3 3 170 2.1:1 53 . 0199
64 (RB) 41.5 1 270 2.9:1 30 . 0246
65 (LB) 42.3 1 220 2.3:1 68 . 0204
66 (RB) 42.9 5 100 5.7:1 80 . 0089
67 43.2 5 210 8 2:1 91 . 0087
68 (LB) 43.4 1 270 3.6:1 78 . 0173
69 43. 7 1 60 3.3:1 0 . 0056
0 (RB) 43.8 5 250 2.0:1 68 . 0223
71 (LB) 44.0 1 70 1. 8:1 14 . 0157
72 44. 5 1 210 3.5:1 5 . 0125
73 44 8 2 120 10.7:1 50 . 0098
74 (RB) 44.8 2 250 4. 6:1 60 . 0143
75 45. 3 2 160 3.7:1 82 . 0146
76 45.9 2 50 2.9:1 30 . 0110
77 46. 9 2 120 6.7:1 92 . 0083
78 | Mile (RB) 0.5 1| Low___.__._.__ 105 2.7:1 38 0. 0151
79 (LB) 1.1 2 do_._._.__ 240 2.9:1 42 L0179
80 (RB) 5.8 5 |o____ do______. 80 4.3:1 25 . 0089
81 6.7 5| High_________ 40 6. 4:1 0 . 0044
82 (LB) 7.1 4| Low_________ 220 3.1:1 23 . 0161
83 (RB) 7.6 5 .- do______. 365 1.7:1 4 . 0212
84 (LB) 7.7 4 (_____ do._.._._ 210 2.7:1 5 . 0149
85 (RB) 7.8 4 | High.._______ 70 5. 4:1 29 . 0132
86 (LB) 9.7 3| Low__..__... 160 1. 8:1 43 . 0208
87 (RB) 10. 2 2 do_...._. 460 3.4:1 30 . 0186
88 (LB) 10.9 5 | __ do_— .. 80 2,6:1 75 . 0153
89 11. 8 ) I P do.__.__._ 160 3. 8:1 75 . 0145
90 (RB) 11.9 | I I do.._____ 140 2.3:1 14 . 0163
91 (LB) 12. 8 51 .. do_______ 105 2.4:1 28 . 0157
92 (RB) 13. 5 51 ____ do.____.__ 130 2.1:1 85 . 0195
93 (LLB) 13. 9 51 . do....... 210 1. 8:1 62 . 0224
94 16. 7 3. do.__.___ 320 1.8:1 12 . 0217
95 (RB) 17. 8 5 .. do___.__. 170 10. 5:1 41 . 0044

See footnotes at end of table.
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TaBLe 8.—Slope-stability investigation, Franklin D. Roosevelt Lake—Continued

91

Classification and measurement data

Discriminant
Slope No. Location 1 . function values 7
Material Ground water 3 Te race height 4 | Original slope of Submergence 8
category 2 (feet) terrace scarp 5 (percent)
Ninemile area

96 | Lake mile (LB) 48.0 2| Low_________ 165 4.4:1 64 0. 0131

97 (RB) 48.4 2| High____.____ 150 5.7:1 87 . 0174

98 (LB) 51.2 2 |.____ do.____._ 130 7.7:1 23 . 0121

99 (RB) 51.5 1 |- do._____. 400 2.5:1 58 . 0286
100 (LB) 51. 6 2| Low_________ 75 1.7:1 7 . 0156
101 (RB) 51.7 2| High._______. 125 3.0:1 44 . 0217
102 (LB) 52. 3 2| Low.___._.__ 150 4.6:1 53 . 0120
103 (RB) 52.6 2 ... do.___._. 450 51:1 49 . 0154
104 53.1 2 I do..__.__ 155 3.1:1 97 . 0167
105 53.5 b2 do_....__ 270 2.0:1 85 . 0229
106 (LB) 54.0 2 |- do____.__ 70 2. 8:1 29 . 0127
107 54. 45 2 ... do.______ 130 2.2:1 54 . 0184
108 (RB) 54.84 2 ... do_______ 130 2.9:1 61 . 0159
109 | Lake mile (RB) 55.5 2 100 4. 4:1 60 0. 0109
110 56. 0 2 90 4. 2:1 56 . 0108
111 56. 4 2 95 3. 4:1 95 . 0138
112 56. 5 2 140 6.0:1 86 . 0099
113 57.0 2 130 3.8:1 46 . 0130
114 (LB) 57.5 4 90 1.6:1 33 . 0191
115 57. 9 4 210 3.0:1 95 . 0182
116 58. 3 4 140 3.5:1 21 . 0129

Hunters-Nez Perce
117 | Lake mile (LB) 59.0 4 Low._._._.____ 470 3.0:1 38 0. 0202
118 (RB) 59.9 5 ... do__.__._. 60 10. 7:1 33 0004
119 62. 8 2 |- do____._. 80 3.6:1 62 0119
120 63. 6 ) I S do__.___. 230 2.9:1 52 0181
121 (LB) 64. 1 ) B P do_.____. 190 2.4:1 79 0197
122 64. 7 1. do._.____ 50 2. 8:1 10 . 0097
123 (RB) 64.9 1 ... do_______ 155 3.2:1 29 0147
Cedonia

124 9 Lake mile (RB) 66.2 3| Low_______.__ 80 3.6:1 50 0.0116
125 (LB) 66. 9 ) N PO do___..__ 500 2.5:1 40 . 0222
126 (RB) 67.0 3 |-o--- do.______ 100 2.1:1 50 . 0176
127 67. 8 1 |.__.. do._._.__ 130 4.0:1 77 . 0133
128 68. 3 1 ..___ do._____. 170 6.0:1 35 . 0094
129 68. 45 1 ... do.___.__ 120 2.7:1 50 . 0160
130 68. 6 ) I do_______ 120 4.7:1 66 . 0112
131 (LB) 7.5 4| ___. do_______ 110 2.8:1 18 . 0138
132 (RB) 724 P2 P do.___.__ 250 8 5:1 24 . 0072
133 (LB) 72.5 [ 3 P do____.___ 95 9. 5:1 84 . 0040
134 (RB) 72.6 2 ... do______. 135 8. .4:1 41 . 0055
135 (LB) 72.7 4 (____._ do._..__. 75 10. 4:1 80 . 0021

See footnotes at end of table.

681004 0—61——T7



92

LANDSLIDES ALONG THE COLUMBIA RIVER VALLEY, NORTHEASTERN WASHINGTON

TaBLe 8.—Slope-stability investigation, Franklin D. Roosevelt Lake—Continued

Classification and measurement data
Discriminant
Slope No. Location ! . . function values 7
Material Ground water 3 Terrace height 4 { Original slope of Submergence ¢
category 3 (feet) terrace scarp & (percent)
Gifford—Inchelium
136 | Lake mile (RB) 73.0 2| Low. ________ 170 6.7:1 41 0. 0086
137 73.3 2 [--_-_ do.__.___ 190 7.8:1 53 . 0080
138 73. 6 2 ... do.______ 200 4.5:1 35 . 0128
139 73. 8 2 |- do_._____ 90 5.1:1 55 . 0090
140 74. 2 2 (... do..__-__ 370 3. 4:1 62 . 0187
141 74. 4 2 [.._-- do.__...__ 150 2.3:1 13 . 0164
142 75.7 2. do.______ 90 3.0:1 78 . 0145
143 76. 4 P2 do.._____ 200 2.8:1 95 . 0187
144 (LB) 76. 8 2\ ___ do__.____ 110 14. 5:1 54 —. 0003
145 (RBY 77.0 2| .. do______ 60 12.0:1 67 —. 0004
146 77.5 2 .- do.__.___ 50 4.6:1 60 . 0077
147 (LB) 77.5 2. do.__..___ 210 11. 6:1 43 . 0044
148 77.9 2 |_____ do...____ 85 6.0:1 35 . 0066
149 (RB) 783 2. do___.___ 210 3.3:1 0 . 0107
150 78. 8 1 .___ do__._____ 270 1.9:1 19 . 0212
151 79.2 1. . do ... 85 4. 2:1 59 . 0107
152 81.2 1 - do...___. 95 2.1:1 95 . 0183
153 81. 4 1 |____ do_..__.. 95 3.2:1 95 . 0144
154 82.3 ) R do.______ 100 3.2:1 60 . 0139
155 82. 7 1 |--__ do.._____ 120 1.9:1 92 . 0202
Rice—Chalk Grade
156 | Lake mile (RB) 86.0 1| Low_____.___ 100 1.7:1 50 0. 0196
157 (LB) 89.6 5 |.-_- do__....- 185 2.5:1 19 . 0171
158 (RB) 94.6 2 .. do_._____ 70 1.9:1 86 . 0179
Reed terrace
159 | Lake mile (RB) 99.4 1| Low_________ 70 2.8:1 86 0. 0142
Marcus—Evans
160 | Lake mile (RB) 107.0 1| High_________ *130 2. 3:1 38 0. 0242

! River mile, miles along centerline of Columbia River downstream from Grand
Coulee Dam; Lake mile, miles along the centerline of Franklin D. Roosevelt Lake up-
stream from Grand Coulee Dam; Mile, miles from the mouth of a bay on Franklin
D. Roosevelt Lake (bays commonly occur at the mouths of tributary streams); RB,
right bank as one is facing downstream; LB, left bank as one is facing downstream;
a description such as ‘‘(Bay 600 ft RB) Lake mile (LB) 69.2"" means that 69.2 miles
upstream from Grand Coulee Dam, there is a bay on the left bank of Franklin D.
glooseveltii] Lake and the site of the landslide is on the right bank of the bay 600 ft from

e mouth.

2 (1), Predominantly lacustrine silt and clay in its original poesition of degosition;
(2), predominantly lacustrine silt and clay with bedding disturbed by landsliding,
glacial processes; (3), alternating beds of clay, silt and sand in nearly their original
position of deposition; (4), alternating beds of clay, silt and sand disturbed by land-
shgmg, glacial processes, etc.; (5), predominantly sand and gravel; (6), talus accumu-
1ations.

3 High—springs, seeps and abundant water-loving vegetation above the midpoint
of the exposed terrace slope; lakes or springs on the terrace surface or situated at
higher altitudes ina position to feed water into the terrace deposits. Low—springs,
seeps and abundant water-loving vegetation absent or limited to zones below the
midpoint of the exposed terrace slope; no springs or lakes on the terrace surface or at
higher altitudes to feed water into the terrace deposits.

4 The altitude difference in feet from the top to the bottom of the slope in which the
landslide occurred, commonly the vertical distance between two terraces.

5 The ratio of the horizontal distance from the top to the bottom of the slope to the
vertical distance from the top to the bottom.

6 Percentage of the distance from the bottom to the top of a slope that is under water.

7 Value of the discriminant function for the terrace scarp.

TaBLE 9.— Landslide date and time data

Date and hour Time of slides and remarks
Land- Area Location or name !
slide No.
Major landslides 2 M inor landslides and re-movements 3
C River dow from Grand Coulee Dam
5 | Grand Coulee Dam-Belve- | Koontzville slide_ _ _ ___ __ |- e Dec. 23, 1951 (initial).
dere.  |ao_._ do . | Nov. 10 or 11(?), 1952.
oo do | Nov. 27, 1952.
_____ do .| ___| Weekend, Jan. 10, 1953.
7 Seatons slide________________ Nov. 23, 1948_____________
295 Nesplelem River-Omak Lake | Hopkins Canyon mudfiow. _._| Feb. 2, 1953, 12 p.m_______
valley.

See footnotes at end of table.
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Date and hour Time of slides and remarks
Land- Area Location or name !
slide No.
Major landslides 2 Minor landslides and re-movements 3
Columbia River downstream from Grand C)ulee Dam—Continued
297 | Grand Coulee Dam-Belve- | Tail Towerslide_ ... ____ Sept. 6,1949______________
dere.
298 East tailrace slide - .- |- . Aug. 25, 1943.
_____ do_ |- -_..___| Aug. 31, 1943.
_____ do_ oo ___.-__| Bept. 8, 1950.
299 Elmer City slide _ _ . |- ____ Do.
_____ do oo e _____| Sept. 26, 1950.
_____ do_ i feeiiiiceceeeceeeo oo .| Aug. 11, 1952 (midnight to
daylight).
_____ do_ o oo .| Sept. 1, 1952.
300 Washington Flats slide_______ Sept. 8, 1950 ____________
301 Main west slide_ _ .- _ . ). .. Oct. 16, 1941.
_____ do oo || Oct. 8, 1942.
_____ do_ | __________| Sept. 8, 1950,
302 Lone Pine slide__._____.______ Nov. 20, 1946 (initial)______
..... do_ - _| Oect. 7, 1950, 3, 6 a.m.
_____ 0 eeeeccceceeee i __| Nov. 10, 1952.
303 Downstream launching ramp_.| T'eb. 5, 1951 _ __ . __________
_____ do_ - .. __| Deec. 17, 1951.
307 Drydoek._ . .- _ | __l__ Mar. 10, 1942 (re-move-
ment).
_____ do_.__ e ——_—__| Nov. 24, 1947 (re-move-
ment).
308 CBI machine shop. ..o oo oL Apr. 27, 1942 (re-move-
ment).
320 Seatons mudflow_ ___________ Mar. 17, 1949, 6:30 p.m____
Franklin D. Roosevelt Lake
34 | Sanpoil River bay_____.____. Sorimpt slide_ . _____________ Apr. 13, 1953 (major en-
largement).
36 Mile (LB) 3.2 e e Apr. 13, 1953 (re-move-
ment).
37 BT e e Do.
42 Hughes slide.. ... _______ Wov. 8, 1942, 5, 7am_____
64 | Hawk Creek__.__________. Lake mile (LB) 37.2__._______ July 26, 1949, 5:30 p.m_ . __
(HIa{vlgl)i Creek bay 4,200 ft
65 Lake mile (LB) 37.2_________ July 27, 1949, 10:00 a.m____
(Havl&;k Creek bay 5,000 ft
131 | Ninemile__________________ Lake mile (RB) 51.4_________ July 3, 1949, 2, 4 p.m______
169 | Hunters-Nez Perce Creek_.. 64.45. . ____ B SR May 11, 1953 (enlargement).
257 | Reed terrace_ _ ____________ 98.37_ . __ IMar. 12, 1952, 11:30 a.m__
98.37_ .. _.._. Sept. 12, 1952, 2:00 p.m___
98.37 e e Oct. 13, 1952, 5, 6 a.m.
258 984 ________ Apr.8,1944_ _____________
259 98.5__ ... Apr.1,1944______________
261 Multiple-alcove slide__. ... ___ Apr. 10, 1952, 3:00 a.m.
(particularly active first
. 4 days).
272 | Marcus-Evans_____________ Grea; Northern Railway | 1%eb. 23, 1951, 7, 9 a.m_____
slide. ~
296 | Coulee Dam_______________ Lake mile (LB) 2.05_________ June 3, 1952, 9:30,
10:00 a.m.
304 | Reed terrace. .. _____.___.__ Main terrace________________ Teb. 14, 1953, 8:15 p.m__ __
30 . do . T*eb. 16, 1953, 3:43 a.m____
306 | Spokane River arm________ Mile (RB)9.1_______________ Mar. 30, 1953_____________
312 | Hunters-Nez Perce Creek___.| Lake mile (RB) 64.3_____ ____| . o ___ May 1)3, 1953 (re-move-
ment).
321 { Reed terrace_ _____________ Center of Farm terrace____ ___{. . o ___.__ Aug. 19, 1953, 11:00 a.m.

1 Lake mile, miles along the centerline of Franklin D. Roosevelt Lake upstream
from Grand Coulee Dam; Mile, miles from the mouth of a bay on Franklin D. Roose-
velt Lake (bays commonly occur at the mouths of tributary streams); RB, right
bank as one is facing downstream; LB, left bank as one is mcinlgl downstream; a
description such as ““ (Bay 600 ft RB) Lake mile (LB) 69.2"’ means t

at 69.2 miles up-

stream from Grand Coulee Dam, there is a bay on the left bank of Franklin D. Roose-
velt Lake and the site of the landslide is on the right bank of the bay 600 ft from the

mouth,

2 New landslides in areas which have been stable in the known past or major en-
la&rgex?el 1ts of atiecent landslides; in general, both of above involve more than 5,000 cu
yds of material. .

3 8ligh t movements and displacements of a few feet in large masses of material; or
small enlargements involving less than 5,000 cu yds of material.



94

SELECTED REFERENCES

Baltzer, A., 1875, Ueber einen neuerlichen Felssturz am Rossberg,
nebst einigen allgemeinen Bemerkungen iiber derartige Er-
scheinungen in den Alpen: Neues Jahrb. Mineral. p. 15-26.

Bartleet, M. S., 1947, The use of transformations: Biometrics,
v. 3, no. 1, p. 39-52.

Baver, L. D., 1949, Retention and movement of soil moisture,
in Meinzer, O. E., Hydrology (Physies of the earth IX),
New York, Dover Pubs. p. 364-384.

Bretz, J H., 1923, Glacial drainage on the Columbia Plateau:
Geol. Soc. America Bull., v. 34, no. 3, p. 573-608.

1932, The Grand Coulee: Am. Geog. Soe. Spee. Pub. 15,
Chap. 4, 89 p.

Cochran, W. G., 1938, Some difficulties in the statistical analysis
of replicated experiments: Empire Jour. Expt. Agri., v. 6,
no. 22, p. 157-175.

1947, Some consequences when the assumptions for the
analysis of varianee are not satisfied: Biometries, v. 3, no.
1, p. 22-38.

Culver, H. E., 1936, The geology of Washington, pt. 1, General
features of Washington geology: Washington Dept. Conserv.
and Devel., Div. Geol. Bull. 32, 70 p.

Daly, R, A., 1906, The nomenclature of the North America
Cordillera between the 47th and 53d parallels of latitude:
Geog. Jour., v. 27, p. 586-606.

1912, Geology of the North American Cordillera at the
49th parallel: Canada Geol. Survey, Mem. 38, pt. 2, p. 577—
598.

Davies, O. L., and others, 1954, The design and analysis of indus-
trial experiments: London, Oliver & Boyd.

Dawson, G. M., 1891, On the later physiographic geology of the
Rocky Mountain region in Canada, with special reference to
changes in elevation and to the history of the glaeial period:
Royal Soe. Canada Proc. Trans., v. 8, sec. 4, p. 3-73.

1899, Remarkable landslip in Portneuf County, Quebee:
Geol. Soe. America Bull.,, v. 10, p. 484-490.

Durand, David, 1941, Risk elements in consumer installment
financing: Nat. Bur. Econ. Research, Studies in consumer
installment financing, no. 8, 163 p.

Durham, N. W., 1912, Spokane and the Inland Empire: Spokane,
Wash., 8. J. Clarke.

Ehrenhard, P. E., 1945, Foundation investigations for the North
Coulee Dam: U.S. Bur. Reclamation, Coulee Dam, Wash.

Eisenhart, Churchill, 1947, The assumptions underlying the an-
alysis of variance: Biometries, v. 3, no. 1, p. 1-21.

Elliot, T. C., 1918, David Thompsons journeys in the Spokane
country: Washington Hist. Quart., v. 9, no. 1, p. 14.

Fenneman, N. M., 1931, Physiography of western United
States: New York, M¢Graw-Hill Book Co., 534 p.

Finney, D. J., 1941, On the distribution of a variate whose log-
arithm is normally distributed: Supp. Jour. Royal Statis-
tistical Soe., v. 3, no. 2, p. 155-161.

Fisher, R. A., 1936, The use of multiple measurements in taxo-
nomic problems: Annals Eugenies, no. 7, pt. 2, p. 179-188.

1946, Statistical methods for research workers: 10th ed.,

London, Oliver & Boyd.

1947, The design of experiments: 4th ed., London, Oliver
& Boyd.

Flint, R. F., 1935, Glacial features of the southern Okanogan
region: Geol. Soe. Ameriea Bull,, v. 46, no. 2, p. 169-194.

LANDSLIDES ALONG THE COLUMBIA RIVER VALLEY, NORTHEASTERN WASHINGTON

1936, Stratified drift and deglaciation of eastern Wash-

ington: Geol. Soc. America Bull., v. 47, no. 12, p. 1849-1884.

1937, Pleistocene drift border in eastern Washington:
Geol. Soc. America Bull., v. 48, no. 2, p. 203-232.

Flint, R. F., and Irwin, W. H., 1939, Glacial geology of Grand
Coulee Dam, Washington: Geol. Soc. America Bull., v. 50,
no. 5, p. 661-680.

Fuller, G. W., 1931, A history of the Pacific Northwest: New
York, Alfred A. Knopf.

Goulden, C. H., 1952, Methods of statistical analysis: 2d ed.,
New York, John Wiley & Sons.

Hall, B. A., 1952, Final construction report on Lake Roosevelt
reservoir: U.S. Bur. Reclamation, Coulee Dam, Washington.

Holmsen, Gunnar, 1929, Lerfaldene ved Kokstad, Gretnes og
Braa [English summary—Landslides of Kokstad, Gretnes,
and Braa]: Norges geol. undersgkelse, no. 132, p. 41-45.

Johnston, W. A.; 1926, The Pleistocene of Cariboo and Cassiar
districts, B. C., Canada: Royal Soc. Canada, Proc. Trans.,
3d ser., v. 20, pt. 2, sec. 4, p. 137-147.

Karpoff, K. P., 1952, Stabilization of the slide area at the right
switchyard of Grand Coulee Dam: U.S. Bur. Reclamation
Rept. SP-32, Denver, Colo.

Kempthorne, O., 1953, Design and analysis of experiments: New
York, John Wiley & Sons.

Ladd, G. E., 1935, Landslides, subsidences, and rock-falls. Am.
Railway Eng. Assoc. Bull,, v. 37, no. 337.

Landes, Henry, 1902, An outline of geology of Washington.
Washington Geol. Survey, v. 1, p. 11-35.

MacDonald, D. F., 1947, Panama Canal slides, the Panama
Canal, Third locks project: Dept. Operation & Maint. [re-
printed August 1947], p. 27.

Mather, K., 1943, Statistical analysis in biology. New York,
Interscience Pubs.

Meinzer, O. E., 1949, Occurrence, origin, and discharge of ground
water in Meinzer, O. E., Hydrology (Physics of the earth
IX); New York, Dover Pubs., p. 385-443.

Meinzer, O. E., and Wenzel, L. K., 1949, Movement of ground
water and its relation to head, permeability and storage in
Meinzer, O. E., Hydrology (Physics of the earth IX), New
York, Dover Pubs., p. 444-477.

Mottley, C. M., and Embody, D. R., 1942, The effect of the full
moon on trout fishing. Am. Statistical Assoe. Jour., v. 37,
p. 41-47.

Miiller, Friedrich, 1898, Das Wasserwesen der Niederlandischen
Province Zeeland: Berlin, W. Ernst. ‘

Pardee, J. T., 1918, Geology and mineral deposits of the Colville
Indian Reservation, Washington: U.S. Geol. Survey Bull.
677.

Park, B. C., and Day B. 8., 1942, A simplified method for deter-
mining the condition of whitetail deer herds: U.S. Dept. Agr.
Tech. Bull. 840, 60 p.

Schultz, Henry, 1930, The standard error of a forecast from a
curve: Am. Statistical Assoc. Jour., v. 25, p. 139-185.
Sharpe, C. F. 8., 1938, Landslides and related phenomena: New

York, Columbia Univ. Press. 136 p.

Snedecor, G. W., 1946, Statistical methods, 4th ed.: Ames, Iowa
Towa State Coll. Press.

Snedecor, G. W., and Cox, G. M., 1935, Disproportionate sub-
class numbers in tables of multiple classification: Iowa State
Coll. Research Bull. 180, p. 234-272.




SELECTED REFERENCES 95

Terzaghi, Karl, 1925, Erdbaumechanik, Leipzig and Vienna,
Franz Deuticke, 391 p.

1949, Soil moisture and capillary phenomena in soils. in

Meinzer, O. E., Hydrology (Physics of the earth IX), New

York, Dover Pubs., p. 331-363.

1950, Mechanics of landslides, ¢n Application of geology
to engineering practice, (Berkey volume): Geol. Soc. Amer-
ica, p. 83-123.

Terzaghi, Karl, and Peck, R. B., 1948, Soils mechanics in engi-
neering practice, art. 31, New York, John Wiley & Sons.

Tsao, Fei, 1942, Tests of statistical hypotheses in the case of
unequal or disproportionate numbers of observations in the
subclasses: Psychometrica, v. 7, no. 3, p. 195-212.

1946, General solution of the analysis of variance and

covariance in the case of unequal or disporportionate num-

bers of observations in the subclasses: Psychometrica, v. 11,

no. 2, p. 107-128.

Walker, F. C., and Irwin, W. H., 1954, Engineering problems
in Columbia Basin: Am. Soe. Civil Eng. Proc., v. 80, Sep-
arate no. 515.

Weaver, C. E., 1918, Geological history of Washington: North-
west Mines Handb., v.1, p. 143-145.

- 1920, The mineral resources of Stevens County: Wash-
ington Geol. Survey Bull. 20.

Western Historical Pub. Co., 1904, History of the Big Bend
Country, p. 73-74.

Varnes, D. J., 1958, Landslide types and process, in Landslides
ard Engineering Practice: Washington, D.C., Highway Re-
search Board, Spec, pub. 29, chap. 3, p. 20-47.

Yates, F., 1933, The principles of orthogonality and confounding
in replicated experiments: Jour. Agr. Sei., v. 23, no. 1, p.
108-145.

Youdea, W. J., 1953, Statistical methods for chemists: New
York, John Wiley & Sons.






INDEX

Page

Acknowledgments.. ___.__________________ —- . 5
Age of landslides__ ) 45
rockunits. . ... 3
Alameda Flatarea..__._.._.__.__ - - 68
FLLT0) ---- 68-69
landslide classification. .. o 84; pl. 6
slope-stability data. __ - 61, 68-69
Altitude at which landslides occur._ - - 1
Analysis, discriminant funetion_..___________ - 56
variance e e e e e 56, 69-70
original slope. e 54
reduced regression__.____ - —— 50
submergence percentage_ e e - 54
material . ________ .. 55
Ancient landslides. ... 29, 30, 35, 51, 61, 65
Artificial-slope landslides . .. 39
Bailey Basin, landslide in_____ 29,30
Seismic Survey ... ..o ooooooo__ - 74
Bedrock profiles. . __ e 72,73
Causes of landslides._ - _ 31,32,33
Cedonia area, landslides____ ... ...____._.__ 19, 20
Chief Joseph Dam__...____________........______ -- 5,29
Chronologic order of landslides .. ____ 14-19
Classification categories_._..______.____________. 34,39-41,74
environmental factors in - 3
material. . 3941
landslides. ______.__.___._. 2,3
landslide type groups. 35
Columbia glacier lobe. _ 3,14
Columbia River basalt. _ 29
landslides in 29-31
Colville batholith______ 3,28, 68
Concl . 74
Cost of landslides. 31,33
Covariance analysis._ 49
Culture. .. 4-5,13, 4
Datacard._..._____ 34, 36,37
Deadman Creek stde____..______.______ 33,35
Discriminant function, analysis for__ 3,56
use. . 57
Drainage categories. 43
terrace surface_. 43-44
Dry earthflows.__ 39,40
Equation, prediction of HC:VC.__. 50
Farm terrace, altitude_ " - 13,14
ground-water conditions 13,14
landslides_ . ___.___________ 14-19
lithologic description. ... U 14
Field observations._._ - 33
Field sheet, slope stability. .. 62
Franklin D. Roosevelt Lake, landslides along. 10
Frequency of landslides. . ____ e 1,5,31,33
Geologic setting_ . . 3-4,33,61
Glacial geology - e 3,4,14,28
Grand Coulee Dam, landslides at_.______________.________________________ 5,31-33
left tailrace landslide area. .. - - 33
Great Northern Railway slide_ — 33,34
Ground-water categories_ . _____________ s 34, 41, 43, 52
conditions.._____ 14
test of significance of ..________________________ -4
HC: VCrabtio oo 46, 47, 48, 49, 50
Hopkins Canyon, mudfiow in e 11

Page

Ice lobes. 3

Industries- 4,5

Kettle 1'alls area, landslide in 10

Koontzville landslide. 26-28

Lake R1fus Wood. See Alameda Flat area.

Landslirles, chronologic order 14-19
datz, card 34,36,37
frequency of occurrence. 1,5,31,33
interpretation of data. 16
lithologic description. .. 5
nunterical designation. . 35
off bedrock - 39,53
relaion of geologic conditions to. 2
relaion of topographic conditions to 2
types 5-10
type groups. 35, 46

Location of landslides 14-19

Main terrace, altitude_ . 12,14
grot nd-water conditions. 13,14
irrigation 13
lanc slides 14-19
lithologic description. . 14

Material categories. - 3941, 56
rem)val__ 44-45, 47

Measurements, geologic environment, 39
lanc slides__. 45-46

Methods, of analysis - R it
investigation_______ 33, 34, 46, 61
seisinic-refraction. ... 74

Methods, statistical. .. n

Morphclogy of scarps 5,6

Movem :nt of slide material_ 44,45

Mudflovs. 6,7-8,10,11,39

Multipls-aleove landslides 6,7,8,11, 21, 39, 51, 53, 65

Nespelen River area. . 28,29
geolHgy. 28
glac al history of. - - 28
lancslides in.__ 28-29, 30
seisinic survey: 72,73,74
topcgraphy.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>